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Abstract. Recentwork in supervised learning has shown that a surprisingly simple Bayesian classifier with strong
assumptions of independence among features, cadia@ Bayesis competitive with state-of-the-art classifiers

such as C4.5. This fact raises the question of whether a classifier with less restrictive assumptions can perform
even better. In this paper we evaluate approaches for inducing classifiers from data, based on the theory of learning
Bayesian networksThese networks are factored representations of probability distributions that generalize the
naive Bayesian classifier and explicitly represent statements about independence. Among these approaches we
single out a method we caltee Augmented Naive Bay@#N), which outperforms naive Bayes, yet at the same

time maintains the computational simplicity (no search involved) and robustness that characterize naive Bayes.
We experimentally tested these approaches, using problems from the University of California at Irvine repository,
and compared them to C4.5, naive Bayes, and wrapper methods for feature selection.
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1. Introduction

Classification is a basic task in data analysis and pattern recognition that requires the
construction of @lassifier, that is, a function that assignslasslabel to instances described
by a set ofattributes The induction of classifiers from data sets of preclassified instances
is a central problem in machine learning. Numerous approaches to this problem are based
on various functional representations such as decision trees, decision lists, neural networks,
decision graphs, and rules.

One of the most effective classifiers, in the sense that its predictive performance is com-
petitive with state-of-the-art classifiers, is the so-callatve Bayesiaulassifier described,
for example, by Duda and Hart (1973) and by Langley et al. (1992). This classifier learns
from training data the conditional probability of each attribdtegiven the class labefl'.
Classification is then done by applying Bayes rule to compute the probabiliygien
the particular instance ofy, . .., A,,, and then predicting the class with the highest poste-
rior probability. This computation is rendered feasible by making a strong independence
assumption: all the attribute$; are conditionally independent given the value of the class
C. By independence we mean probabilistic independence, thatissindependent oB

*  This paper is an extended version of Geiger (1992) and Friedman and Goldszmidt (1996a).
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Figure 1. The structure of the naive Bayes network.

givenC wheneveiPr(A|B, C) = Pr(A|C) for all possible values o, B andC', whenever
Pr(C) > 0.

The performance of naive Bayes is somewhat surprising, since the above assumption is
clearly unrealistic. Consider, for example, a classifier for assessing the risk in loan appli-
cations: it seems counterintuitive to ignore the correlations between age, education level,
and income. This example raises the following question: can we improve the performance
of naive Bayesian classifiers by avoiding unwarranted (by the data) assumptions about
independence?

In order to tackle this problem effectively, we need an appropriate language and efficient
machinery to represent and manipulate independence assertions. Both are provided by
Bayesian network@Pearl, 1988). These networks are directed acyclic graphs that allow
efficient and effective representation of the joint probability distribution over a set of random
variables. Each vertex in the graph represents a random variable, and edges represent direct
correlations between the variables. More precisely, the network encodes the following
conditional independence statements: each variable is independent of its nondescendants
in the graph given the state of its parents. These independencies are then exploited to reduce
the number of parameters needed to characterize a probability distribution, and to efficiently
compute posterior probabilities given evidence. Probabilistic parameters are encoded in
a set of tables, one for each variable, in the form of local conditional distributions of a
variable given its parents. Using the independence statements encoded in the network, the
joint distribution is uniquely determined by these local conditional distributions.

When represented as a Bayesian network, a naive Bayesian classifier has the simple
structure depicted in Figure 1. This network captures the main assumption behind the naive
Bayesian classifier, namely, that every attribute (every leaf in the network) is independent
from the rest of the attributes, given the state of the class variable (the root in the network).
Since we have the means to represent and manipulate independence assertions, the obvi-
ous question follows: can we induce better classifiers by learning unrestricted Bayesian
networks?

Learning Bayesian networks from data is a rapidly growing field of research that has seen
a great deal of activity in recent years, including work by Buntine (1991, 1996), Cooper and
Herskovits (1992), Friedman and Goldszmidt (1996c), Lam and Bacchus (1994), Hecker-
man (1995), and Heckerman, Geiger, and Chickering (1995). Thisis afamsopervised
learning, inthe sense that the learner does not distinguish the class variable from the attribute
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variables in the data. The objective is to induce a network (or a set of networks) that “best
describes” the probability distribution over the training data. This optimization process is
implemented in practice by using heuristic search techniques to find the best candidate over
the space of possible networks. The search process relies on a scoring function that assesses
the merits of each candidate network.

We start by examining a straightforward application of current Bayesian networks tech-
nigues. We learn networks using the score based amithienum description lengttMDL)
principle (Lam & Bacchus, 1994; Suzuki, 1993), and use them for classification. The re-
sults, which are analyzed in Section 3, are mixed: although the learned networks perform
significantly better than naive Bayes on some data sets, they perform worse on others. We
trace the reasons for these results to the definition of the MDL scoring function. Roughly
speaking, the problem is that the MDL score measures the error of the learned Bayesian
network over all the variables in the domain. Minimizing this error, however, does not
necessarily minimize the local error in predicting the class variable given the attributes. We
argue that similar problems will occur with other scoring functions in the literature.

Accordingly, we limit our attention to a class of network structures that are based on the
structure of naive Bayes, requiring that the class variable be a parent of every attribute.
This ensures that, in the learned network, the probabitityC'| A4, ..., 4,), the main
term determining the classification, will take every attribute into account. Unlike the naive
Bayesian classifier, however, our classifier allows additional edges between attributes that
capture correlations among them. This extension incurs additional computational costs.
While the induction of the naive Bayesian classifier requires only simple bookkeeping, the
induction of Bayesian networks requires searching the space of all possible networks—
that is, the space of all possible combinations of edges. To address this problem, we
examine a restricted form of correlation edges. The resulting method, which wieall
Augmented Naive Bay€FAN), approximates the interactions between attributes by using
a tree structure imposed on the naive Bayesian structure. As we show, this approximation
is optimal, in a precise sense; moreover, we can learn TAN classifiers in polynomial time.
This result extends a well-known result by Chow and Liu (1968) (see also Pearl (1988))
for learning tree-structured Bayesian networks. Finally, we also examine a generalization
of these models based on the idea that correlations among attributes may vary according
to the specific instance of the class variable. Thus, instead of one TAN model we have
a collection of networks as the classifier. Interestingly enough, Chow and Liu already
investigated classifiers of this type for recognition of handwritten characters.

After describing these methods, we report the results of an empirical evaluation comparing
them with state-of-the-art machine learning methods. Our experiments show that TAN
maintains the robustness and computational complexity of naive Bayes, and at the same
time displays better accuracy. We compared TAN with C4.5, naive Bayessaactive
naive Bayega wrapper approach to feature subset selection method combined with naive
Bayes), on a set of problems from the University of California at Irvine (UCI) repository
(see Section 4.1). These experiments show that TAN is a significant improvement over
the other three approaches. We obtained similar results with a modified version of Chow’s
and Liu’s original method, which eliminates errors due to variance in the parameters. Itis
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interesting that this method, originally proposed three decades ago, is still competitive with
state-of-the-art methods developed since then by the machine learning community.

This paper is organized as follows. In Section 2 we review Bayesian networks and how
to learn them. In Section 3 we examine a straightforward application of learning Bayesian
networks for classification, and show why this approach might yield classifiers that exhibit
poor performance. In Section 4 we examine how to address this problem using extensions
to the naive Bayesian classifier. In Section 5 we describe in detail the experimental setup
and results. In Section 6 we discuss related work and alternative solutions to the problems
we point out in previous sections. We conclude in Section 7. Finally, Appendix A reviews
several concepts from information theory that are relevant to the contents of this paper.

2. Learning Bayesian networks

Consider a finite sl = { X7, ..., X,,} of discrete random variables where each variable
X,; may take on values from a finite set, denotedMay( X;). We use capital letters such
as X,Y, Z for variable names, and lower-case letters such,asz to denote specific
values taken by those variables. Sets of variables are denoted by boldface capital letters
such asX, Y, Z, and assignments of values to the variables in these sets are denoted by
boldface lowercase lettexsy, z (we useVal(X) in the obvious way). Finally, leP be a
joint probability distribution over the variables W, and letX, Y, Z be subsets df). We
say thatX andY areconditionally independergivenZ, if for all x € Val(X), y € Val(Y),
ze Val(Z), P(x | z,y) = P(x| z) wheneverP(y, z) > 0.

A Bayesian networls an annotated directed acyclic graph that encodes a joint probability
distribution over a set of random variablds Formally, a Bayesian network faf is a pair
B = (G, 0). The first componeni, is a directed acyclic graph whose vertices corre-
spond to the random variablés, . . ., X,,, and whose edges represent direct dependencies
between the variables. The gragtencodes independence assumptions: each vatigble
is independent of its nondescendants given its parertts ifihe second component of the
pair, namelyO, represents the set of parameters that quantifies the network. It contains a
parameteﬁmnzi = Pp(z;|I1,,) for each possible value; of X;, andIl,, of Ilx,, where
IIx, denotes the set of parents &f in G. A Bayesian networkB defines a unique joint
probability distribution ovelJ given by

Pp(X1,.... X,) = [[ Pe(Xilllx,) = [ [ Ox.pms, - (1)
=1

i=1

We note that one may associate a notion of minimality with the definition of a Bayesian
network, as done by Pearl (1988), yet this association is irrelevant to the material in this
paper.

As an example, leU* = {A4,,..., A,,C}, where the variables!,, ..., A, are the
attributesandC' is theclassvariable. Consider a graph structure where the class variable
is the root, that isTIc = (), and each attribute has the class variable as its unique parent,
namely,Il4, = {C} forall 1 < i < n. This is the structure depicted in Figure 1. For this
type of graph structure, Equation 1 yielfls(A;, ..., A,,C) = Pr(C) - [T\, Pr(4;|C).
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From the definition of conditional probability, we get(C|A4,...,A,) = a - Pr(C) -
[T, Pr(4;|C), wherea is a normalization constant. This is in fact the definitiomaive
Bayescommonly found in the literature (Langley et al., 1992).

The problem of learning a Bayesian network can be informally stated as: Gikagniag
setD = {uy,...,un} of instances o), find a networkB thatbest matche®. The
common approach to this problem is to introduce a scoring function that evaluates each
network with respect to the training data, and then to search for the best network according to
this function. In general, this optimization problem is intractable (Chickering, 1995). Yet,
for certain restricted classes of networks, there are efficient algorithms requiring polynomial
time in the number of variables in the network. We indeed take advantage of these efficient
algorithms in Section 4.1, where we propose a particular extension to naive Bayes.

The two main scoring functions commonly used to learn Bayesian networks are the
Bayesian scorindunction (Cooper & Herskovits, 1992; Heckerman et al., 1995), and the
function based on the principle afinimal description lengtifMDL) (Lam & Bacchus,

1994; Suzuki, 1993); see also Friedman and Goldszmidt (1996c) for a more recent account
of this scoring function. These scoring functions are asymptotically equivalent as the sample
size increases; furthermore, they are both asymptotically correct: with probability equal
to one the learned distribution converges to the underlying distribution as the number of
samples increases (Heckerman, 1995; Bouckaert, 1994; Geiger et al., 1996). An in-depth
discussion of the pros and cons of each scoring function is beyond the scope of this paper.
Henceforth, we concentrate on the MDL scoring function.

The MDL principle (Rissanen, 1978) casts learning in terms of data compression. Roughly
speaking, the goal of the learner is to findhadelthat facilitates the shortest description
of the original data. The length of this description takes into account the description of
the model itself and the description of the data using the model. In the context of learning
Bayesian networks, the model is a network. Such a netgodlescribes a probability dis-
tribution Pp over the instances appearing in the data. Using this distribution, we can build
an encoding scheme that assigns shorter code words to more probable instances. According
to the MDL principle, we should choose a netwdsksuch that the combined length of the
network description and the encoded data (with respeBiois minimized.

Let B = (G, ©) be a Bayesian network, and I& = {uy,...,uy} be a training set,
where eachu; assigns a value to all the variableslin The MDL scoring function of a
network B given a training data sé®, writenMDL(B|D), is given by

log N
2

MDL(B|D) = |B| — LL(B|D) , (2)
where| B| is the number of parameters in the network. The first term represents the length
of describing the networB, in that, it counts the bits needed to encode the specific network
B, wherel/2-log N bits are used for each parameteB®inThe second term is the negation

of thelog likelihoodof B given D:

N
LL(BID) =) log(Pp(us)) , 3)
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which measures how many bits are needed to desErtiesed on the probability distribution

Py (see Appendix A). The log likelihood also has a statistical interpretation: the higher
the log likelihood, the closeB is to modeling the probability distribution in the data

Let PD(-) be theempirical distributiondefined by frequencies of events in, namely,
Pp(A) = %Zj 14(u;) for each eventd C Val(U), wherels(u) = 1if u € A and
14(u) = 0if u ¢ A. Applying Equation 1 to the log likelihood and changing the order
of summation yields the well-known decomposition of the log likelihood according to the
structure ofB:

N
LL(BID)=N>_ > Pp(w;,a,) log(0,, 11, ) - (4)
=1 x; € VaI(Xi)
Hmi S VaI(HXi)

It is easy to show that this expression is maximized when
Or.m., = Pp(illl,) . ()

Consequently, if we have two Bayesian networBs= (G,0) and B’ = (G,0’), that

share the same structu¢g and if © satisfies Equation 5, thdr (B|D) > LL(B’|D).

Thus, given a network structure, there is a closed form solution for the parameters that
maximize the log likelihood score, namely, Equation 5. Moreover, since the first term of
Equation 2 does not depend on the choice of parameters, this solution minimizes the MDL
score. Thisis a crucial observation since it relieves us of searching in the space of Bayesian
networks, and lets us search only in the smaller space of network structures, and then fill in
the parameters by computing the appropriate frequencies from the data. Henceforth, unless
we state otherwise, we will assume that the choice of parameters satisfies Equation 5.

The log likelihood score by itself is not suitable for learning the structure of the network,
since ittends to favarompleteyraph structures in which every variable is connected to every
other variable. This is highly undesirable, since such networks do not provide any useful
representation of the independence assertions in the learned distributions. Moreover, these
networks require an exponential number of parameters, most of which will have extremely
high variance and will lead to poor predictions. Thus, the learned parameters in a maximal
network will perfectly match the training data, but will have poor performance on test data.
This problem, calleaverfitting is avoided by the MDL score. The first term of the MDL
score (Equation 2), regulates the complexity of networks by penalizing those that contain
many parameters. Thus, the MDL score of a larger network might be worse (larger) than
that of a smaller network, even though the former might match the data better. In practice,
the MDL score regulates the number of parameters learned and helps avoid overfitting of
the training data.

We stress that the MDL score is asymptotically correct. Given a sufficient number of
independent samples, the best MDL-scoring networks will be arbitrarily close to the sampled
distribution.

Regarding the search process, in this paper we will rely on a greedy strategy for the obvious
computational reasons. This procedure starts with the empty network and successively
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applies local operations that maximally improve the score until a local minima is found.
The operations applied by the search procedure include arc addition, arc deletion, and arc
reversal.

3. Bayesian networks as classifiers

Using the method just described, one can induce a Bayesian nefiydfiat encodes a
distribution Pg(Ay, ..., A,, C), from a given training set. We can then use the resulting
model so that given a set of attributes, . . ., a,, the classifier based oB returns the

label ¢ that maximizes the posterior probabiliBg (c|aq, . . ., a,). Note that, by inducing
classifiers in this manner, we are addressing the main concern expressed in the introduction:
we remove the bias introduced by the independence assumptions embedded in the naive
Bayesian classifier.

This approach is justified by the asymptotic correctness of the Bayesian learning pro-
cedure. Given a large data set, the learned network will be a close approximation for the
probability distribution governing the domain (assuming that instances are sampled inde-
pendently from a fixed distribution). Although this argument provides us with a sound
theoretical basis, in practice we may encounter cases where the learning process returns a
network with a relatively good MDL score that performs poorly as a classifier.

To understand the possible discrepancy between good predictive accuracy and good MDL
score, we must re-examine the MDL score. Recall that the log likelihood term in Equation 2
isthe one thatmeasures the quality of the learned model, anBithafu,, . . ., ux } denotes
the training set. In a classification task, eaglis a tuple of the form(ai, ..., a}, ¢') that
assigns values to the attributds, .. ., A,, and to the class variabl&. We can rewrite the
log likelihood function (Equation 3) as

N N
LL(B|D) = ZlogPB(ci\ai, coab) 4 ZlogPB(ai, coab). (6)
i=1 i=1

The first term in this equation measures how welestimates the probability of the class
given the attributes. The second term measures howRvesitimates the joint distribution

of the attributes. Since the classification is determinedPhyC|A,, ..., A,), only the

first term is related to the score of the network as a classifier (i.e., its predictive accuracy).
Unfortunately, this term is dominated by the second term when there are many attributes;
asn grows larger, the probability of each particular assignmemd o. .., A,, becomes
smaller, since the number of possible assignments grows exponentiallyinus, we ex-

pect the terms of the forf (A4, . .., A,,) toyield values closer to zero, and consequently
—log Pg(Ay,...,A,) will grow larger. However, at the same time, the conditional prob-
ability of the class will remain more or less the same. This implies that a relatively large
error in the conditional term in Equation 6 may not be reflected in the MDL score. Thus,
using MDL (or other nonspecialized scoring functions) for learning unrestricted Bayesian
networks may resultin a poor classifier in cases where there are many attributes. We use the
phrase “unrestricted networks” in the sense that the structure of the graph is not constrained,
as in the case of a naive Bayesian classifier.



138 N. FRIEDMAN, D. GEIGER, AND M. GOLDSZMIDT

T T T T T T T T T T T T T T T T T T T T T T
Bayesian Network —=—
45 G Naive Bayes ----e--- -

Percentage Classification Error
N
ul

T T Y S N SO S | g 1

2219102516119 4 61817 213115141221 720238243 5
Data Set

45 P
40 + <

30t o |
25 e i
20}

Naive Bayes Error

154 ‘
10 ey o 1

O/./l 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40 45

Bayesian Network Error

Figure 2. Error curves (top) and scatter plot (bottom) comparing unsupervised Bayesian networks (solid line,

z axis) to naive Bayes (dashed lingaxis). In the error curves, the horizontal axis lists the data sets, which

are sorted so that the curves cross only once, and the vertical axis measures the percentage of test instances that
were misclassified (i.e., prediction errors). Thus, the smaller the value, the better the accuracy. Each data point
is annotated by a 90% confidence interval. In the scatter plot, each point represents a data set, where the
coordinate of a point is the percentage of misclassifications according to unsupervised Bayesian networks and the
y coordinate is the percentage of misclassifications according to naive Bayes. Thus, points above the diagonal line
correspond to data sets on which unrestricted Bayesian networks perform better, and points below the diagonal
line correspond to data sets on which naive Bayes performs better.

To confirm this hypothesis, we conducted an experiment comparing the classification
accuracy of Bayesian networks learned using the MDL score (i.e., classifiers based on
unrestricted networks) to that of the naive Bayesian classifier. We ran this experiment on



BAYESIAN NETWORK CLASSIFIERS 139

25 data sets, 23 of which were from the UCI repository (Murphy & Aha, 1995). Section 5
describes in detail the experimental setup, evaluation methods, and results. As the resultsin
Figure 2 show, the classifier based on unrestricted networks performed significantly better
than naive Bayes on six data sets, but performed significantly worse on six data sets. A quick
examination of the data sets reveals that all the data sets on which unrestricted networks
performed poorly contain more than 15 attributes.

A closerinspection of the networks induced on the two data sets where the unrestricted net-
works performed substantially worse reveals that in these networks the nurmblavait
attributes influencing the classification is rather small. While these data sets (“soybean-
large” and “satimage”) contain 35 and 36 attributes, respectively, the classifiers induced
relied only on five attributes for the class prediction. We base our definition of relevant
attributes on the notion ofldarkov blanketf a variableX, which consists oX’s parents,

X’s children, and the parents &f’s children in a given network structucg (Pearl, 1988).

This set has the property that, conditioned ®is Markov blanket,X is independent of

all other variables in the network. In particular, given an assignment to all the attributes in
the Markov blanket of the class varialilg the class variable is independent of the rest of
the attributes. Hence, prediction using a classifier based on a Bayesian network examines
only the values of attributes in the Markov blanketdf (Note that in the naive Bayesian
classifier, the Markov blanket @f includesall the attributes, since all of the attributes are
children of C' in the graph.) Thus, in learning the structure of the network, the learning
algorithm chooses the attributes that are relevant for predicting the class. In other words,
the learning procedure performsfeature selection Often, this selection is useful and
discards truly irrelevant attributes. However, as these two examples show, the procedure
might discard attributes that are crucial for classification. The choices made by the learning
procedure reflect the bias of the MDL score, which penalizes the addition of these crucial
attributes to the class variable’s Markov blanket. As our analysis suggests, the root of the
problem is the scoring function—a network with a better score is not necessarily a better
classifier.

A straightforward approach to this problem would be to specialize the scoring function
(MDL in this case) to the classification task. We can do so by restricting the log likelihood
to the first term of Equation 6. Formally, let tikenditional log likelihoodof a Bayesian
networkB given data seb beCLL(B|D) = Y.~ log Pp(C?|A%, ..., Ai). The problem
associated with the application of this conditional scoring function in practice is of a com-
putational nature. The function does not decompose over the structure of the network; that
is, we do not have an analogue of Equation 4. As a consequence, setting the parameters
exz-\Hmi = PD(xi|H$i) no longer maximizes the score for a fixed network structure. Thus,
we would need to implement, in addition, a procedure to maximize this new function over
the space of parameters. We discuss this issue furtherin Section 6.2. Alternative approaches
are discussed in the next section.

4. Extensions to the naive Bayesian classifier

In this section we examine approaches that maintain the basic structure of a naive Bayes
classifier, and thus ensure that all attributes are part of the class variable Markov blanket.
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Figure 3. A TAN model learned for the data set “pima.” The dashed lines are those edges required by the naive
Bayesian classifier. The solid lines are correlation edges between attributes.

These approaches, however, remove the strong assumptions of independence in naive Bayes
by finding correlations among attributes that are warranted by the training data.

4.1. Augmented naive Bayesian networks as classifiers

We argued above that the performance of a Bayesian network as a classifier may improve
if the learning procedure takes into account the special status of the class variable. An easy
way to ensure this is to bias the structure of the network, as in the naive Bayesian classifier,
such that there is an edge from the class variable to each attribute. This ensures that, in the
learned network, the probability (C| A, ..., A,) will take all attributes into account. In
order to improve the performance of a classifier based on this bias, we propose to augment
the naive Bayes structure with edges among the attributes, when needed, thus dispensing
with its strong assumptions about independence. We call these strumtgireented naive
Bayesian networkand these edgesigmenting edges.

In an augmented structure, an edge frdpto A; implies that the influence of; on the
assessment of the class variable also depends on the valye Bbr example, in Figure 3,
the influence of the attribute “Glucose” on the cl@sslepends on the value of “Insulin,”
while in the naive Bayesian classifier the influence of each attribute on the class variable
is independent of other attributes. These edges affect the classification process in that a
value of “Glucose” that is typically surprising (i.€2(g|c) is low) may be unsurprising if
the value of its correlated attribute, “Insulin,” is also unlikely (i®(g|c, i) is high). In this
situation, the naive Bayesian classifier will overpenalize the probability of the class variable
by considering two unlikely observations, while the augmented network of Figure 3 will
not.

Adding the best set of augmenting edges is an intractable problem, since it is equivalent
to learning the best Bayesian network among those in whigha root. Thus, even if we
could improve the performance of a naive Bayes classifier in this way, the computational
effort required may not be worthwhile. However, by imposing acceptable restrictions on
the form of the allowed interactions, we can actually learn the optimal set of augmenting
edges in polynomial time.
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Our proposal is to learn tiee-augmented naive Bayesi@FAN) network in which the
class variable has no parents and each attribute has as parents the class variable and at most
one other attributé Thus, each attribute can have one augmenting edge pointing to it. The
network in Figure 3 is in fact an TAN model. As we now show, we can take advantage of
this restriction to learn a TAN model efficiently. The procedure for learning these edges is
based on a well-known method reported by Chow and Liu (CL from now on) (1968), for
learning tree-like Bayesian networks (see also (Pearl, 1988, pp. 387-390)). We start by
reviewing CL's result.

Adirected acyclic graph ofiX1, ..., X,, } is atreeif Il x, contains exactly one parent for
all X;, except for one variable that has no parents (this variable is referred to m®the
A tree network can be described by identifying the parent of each variable. A function
m:{1,...,n} — {0,...,n} is said todefinea tree overXy, ..., X,, if there is exactly
one: such thatr(:) = 0 (namely the root of the tree), and there is no sequence. , iy
such thatr(i;) = ;41 fori < j < k andn(ix) = 41 (i.e., no cycles). Such a function
defines a tree network whefex, = {X,(;)} if (i) > 0, andIlx, = 0 if 7 (i) = 0.

Chow and Liu (1968) describe a procedure for constructing a tree Bayesian network from
data. This procedure reduces the problem of constructing a maximum likelihood tree to
finding amaximal weighted spanning tréeea graph. The problem of finding such a tree is
to select a subset of arcs from a graph such that the selected arcs constitute a tree and the sum
of weights attached to the selected arcs is maximized. There are well-known algorithms for
solving this problem of time complexit (n? log n), wheren is the number of vertices in
the graph (Cormen et al., 1990).

TheConstruct-Tree procedure of CL consists of four steps:

1. Computel; (X;; X;) between each pair of variableés# j, where

Ip(X;Y) = P(x,y)log

P(x,y)
X7y ) (

P(x)P(y)

is the mutual informationfunction. Roughly speaking, this function measures how
much informationY provides abouX. See Appendix A for a more detailed description
of this function.

2. Build acomplete undirected graph in which the vertices are the variabfesinnotate
the weight of an edge connectitg to X; by I (Xi; X;).

3. Build a maximum weighted spanning tree.

4. Transform the resulting undirected tree to a directed one by choosing a root variable
and setting the direction of all edges to be outward from it.

CL prove that this procedure finds the tree that maximizes the likelihood given th®data

THEOREM 1 (Chow & Liu, 1968)Let D be a collection ofV instances ofX, ..., X,,.
TheConstruct-Tree procedure constructs a treBr that maximizes L{Br|D) and has
time complexity)(n? - N).
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This result can now be adapted to learn the maximum likelihood TAN structure. Let
Ay, ..., A, be a set of attribute variables attibe the class variable. We say tHats a
TAN model if IIo = 0 and there is a function that defines a tree ovety, ..., A4, such
thatlly, = {C, A, }if n(i) > 0,andll,, = {C}if 7(i) = 0. The optimization problem
consists on findlng a tree defining functierover A4, .. ., A,, such that the log likelihood
is maximized.

As we prove below, the procedure we c@linstruct-TAN solves this optimization
problem. This procedure follows the general outline of CL's procedure, exceptthatinstead of
using the mutual information between two attributes, it wseglitional mutual information
between attributes given the class variable. This function is defined as

o POyl
Ip(X;Y[Z) = X%;ZP(XJ, 1o P(x[z)P(y|z)

Roughly speaking, this function measures the informationth@abvides abouX when the
value ofZ is known. Again, Appendix A gives a more detailed description of this function.
TheConstruct-TAN procedure consists of five main steps:

1. Computels (A;; A; | C) between each pair of attributes# ;.

2. Build a complete undirected graph in which the vertices are the attridytes. , A,,.
Annotate the weight of an edge connectifigto A; by I (A;; 4; | C).

3. Build a maximum weighted spanning tree.

4. Transform the resulting undirected tree to a directed one by choosing a root variable
and setting the direction of all edges to be outward from it.

5. Construct a TAN model by adding a vertex labeled’bgnd adding an arc fror@' to
eachA;.

THEOREM 2 Let D be a collection ofN instances ofC, A;,...,A,. The procedure
Construct-TAN builds a TANBy that maximizes L{Br|D) and has time complexity
O(n? - N).

Proof: We start with a reformulation of the log likelihood:

L(Br|D) =N - ZI (X;;IIx,) + constant term (7)

which we derive in Appendix A. Thus, maximizing the log likelihood is equivalent to
maximizing the term
ZI (X;;Tx,)

We now specialize this term for TAN models. LBt be a TAN defined byr(-). SinceC
has no parents, we havg, (C;Il¢) = 0. Since the parents of; are defined byr, we
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SetIpD(Aq;;HAi) = IPD(Ai;AW(’i)7O) if ﬂ'(l) >0 andII»,D(A,;;HAL,) = IpD(AZ‘;C) if
7(i) = 0. Hence, we need to maximize the term

Do Ip (A Ar), O + D I, (A 0). (8)

i,m(i)>0 1,m(i)=0

We simplify this term by using the identity known as ttiein lawfor mutual information
(Cover & Thomas, 1991)Ip(X;Y,Z) = Ip(X;Z) + Ip(X;Y|Z). Hence, we can rewrite
expression (8) as

ZIPD(Ai;C)+ Z Ip (Ai; Ar5)|CO)

i,7(i)>0

Note that the first term is not affected by the choicer¢f). Therefore, it suffices to
maximize the second term. Note also that the TAN model founddmgtruct-TAN is
guaranteed to maximize this term, and thus maximizes the log likelihood.
The first step ofonstruct-TAN has complexity of0(n? - N) and the third step has
complexity ofO(n? logn). Since usuallyV > logn, we get the stated time complexity.
]

Our initial experiments showed that the TAN model works well in that it yields good
classifiers compared to naive Bayes, as shown in Tables 2 and 3). Its performance was further
improved by the introduction of an additional smoothing operation. Recall that to learn the
parameters of a network we estimate conditional frequencies of theRpi |T1x ). We
do this by partitioning the training data according to the possible valugkcolnd then
computing the frequency oX in each partition. When some of these partitions contain
very few instances, however, the estimate of the conditional probability is unreliable. This
problem is not as acute in the case of a naive Bayesian classifier, since it partitions the data
according to the class variable, and usually all values of the class variables are adequately
represented in the training data. In TAN networks, however, for each attribute we assess
the conditional probability given the class variable and another attribute. This means that
the number of partitions is at least twice as large. Thus, it is not surprising to encounter
unreliable estimates, especially in small data sets.

To deal with this problem, we introduce a smoothing operation onthe parameterslearnedin
TAN models that is motivated by Bayesian considerations. In Bayesian learningudfia
nomial distributionP(X = v;) fori = 1,..., k, we start with grior probability measure
over the possible settings of paramet®rs- {0, : i = 1,...,k}, wheref, = P(X = v;),
and then compute thgosteriorprobabilityPr(© | D). The predicted probability for a new
instance ofX is the weighted average of the predictions of all possible settifg wkighted
by their posterior probability. Thu®r(X = v;|D) = [Pr(X; = v; | ©)Pr(© | D)d®.

For a particular family of priors, calle@irichlet priors, there is a known closed-form solu-
tion for this integral. A Dirichlet prior is specified by twayperparameters®?, an initial
estimate of®, and N°, a number that summarizes our confidence in this initial estimate.
One can think ofV® as the number of samples we have seen in our lifetime prior to making
the estimated’. Given hyperparamete@® = {69} and N, and a data seb of length
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Figure 4. Error curves and scatter plot comparing smoothed TAN (solakis) with naive Bayes (dashegaxis).

In the error curves, the smaller the value, the better the accuracy. In the scatter plot, points above the diagonal
line correspond to data sets where smoothed TAN performs better, and points below the diagonal line correspond
to data sets where naive Bayes performs better. See the caption of Figure 2 for a more detailed description.

N, the prediction forP(X = v;) has the form

P(X =uv|D) = N _p (X =v)+ N g

= V; _N+NO D = V; N+NO’L
We refer the interested reader to DeGroot (1970). Itis easy to see that this prediction biases
the learned parameters in a manner that depends on the confidence in the prior and the
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Figure 5. Error curves and scatter plot comparing smoothed TAN (salidxis) with selective naive Bayes
(dashedy axis). In the error curves, the smaller the value, the better the accuracy. In the scatter plot, points above
the diagonal line correspond to data sets where smoothed TAN performs better, and points below the diagonal
line correspond to data sets where selective naive Bayes performs better. See the caption of Figure 2 for a more
detailed description.

number of new instances in the data: the more instances we have in the training data, the
less bias is applied. If the number of instan@éds large relative taVv®, than the bias
essentially disappears. On the other hand, if the number of instances is small, then the prior
dominates.

In the context of learning Bayesian networks, we can use a different Dirichlet prior for
each distribution ofX; given a particular value of its parents (Heckerman, 1995). This
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Figure 6. Error curves and scatter plot comparing smoothed TAN (seligxis) with C4.5 (dashed; axis). In

the error curves, the smaller the value, the better the accuracy. In the scatter plot, points above the diagonal line
correspond to data sets where smoothed TAN performs better, and points below the diagonal line correspond to
data set where C4.5 performs better. See the caption of Figure 2 for a more detailed description.

results in choosing the parameters

P R NO
0% (2|11, = N PoIL,) Pp (2|11, + m—L 0° (x|IL,) ,
N - Pp(Ily) + Ny N - Pp(Ily) + N2y
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where¢°(z|IL,) is the prior estimate of(z|IL,) and N, is the confidence associated
with that prior. Note that this application of Dirichlet priors biases the estimation of the
parameters depending on the number of instances in the data with particular vakies of
parents. Thus, it mainly affects the estimation in those parts of the conditional probability
table that are rarely seen in the training data.

To use this method, we must therefore choose the prior parameters. One reasonable
choice of prior is the uniform distribution with some smalf. Another reasonable choice
uses the marginal probability df in the data as the prior probability. This choice is based
on the assumption that most conditional probabilities are close to the observed marginal.
Thus, we sef®(z | II,) = Pp(x). After initial trials we choose the value 6f° to be 5 in
all of our experiments. (More precisely, we tried the valugs and10 on a few data sets,
andN° = 5 was slightly better than the others.) We note that this smoothing is performed
after determining the structure of the TAN model. Thus, the smoothed model has the same
gualitative structure as the original model but has different numerical parameters. This
form of smoothing is standard practice in Bayesian statistics.

In our experiments comparing the prediction error of smoothed TAN to that of unsmoothed
TAN, we observed that smoothed TAN performs at least as well as TAN, and occasionally
outperforms TAN significantly (e.g., see the results for “soybean-large,” “segment,” and
“lymphography” in Table 3). Henceforth, we will assume that the version of TAN uses the
smoothing operator, unless noted otherwise.

Figure 4 compares the prediction error of the TAN classifier to that of naive Bayes. As can
be seen, the the TAN classifier dominates naive Bayes. This result supports our hypothesis
that, by relaxing the strong independence assumptions made by naive Bayes, one can indeed
learn better classifiers. We also tried a smoothed version of naive Bayes. This, however, did
not lead to significant improvement over the unsmoothed naive Bayes. The only data set
where there was a noticeable improvement is “lymphography,” where the smoothed version
had 81.73% accuracy compared to 79.72% without smoothing. Note that for this particular
data set, the smoothed version of TAN has 85.03% accuracy compared to 66.87% without
smoothing. The complete results for the smoothed version of naive Bayes are reported in
Table 3.

Given that TAN performs better than naive Bayes and that naive Bayes is comparable to
C4.5 (Quinlan, 1993), a state-of-the-art decision tree learner, we may infer that TAN should
perform rather well in comparison to C4.5. To confirm this prediction, we performed
experiments comparing TAN to C4.5, and also to seéective naive Bayesiatiassifier
(Langley & Sage, 1994; John & Kohavi, 1997). The latter approach searches for the subset
of attributes over which naive Bayes has the best performance. The results, displayed in
Figures 5 and 6 and in Table 2, show that TAN is competitive with both approaches and can
lead to significant improvements in many cases.

4.2. Bayesian multinets as classifiers

The TAN approach forces the relations among attributes to be the same for all the differ-
ent instances of the class varialfle An immediate generalization would have different
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augmenting edges (tree structures in the case of TAN) for each class, and a collection of
networks as the classifier.

To implement this idea, we partition the training data set by classes. Then, for each class
¢; in Val(C), we construct a Bayesian netwaBk for the attribute variableg4,, ..., A, }.
The resulting probability distributiof’s, (44, . . ., A,,) approximates the joint distribution
of the attributes, given a specific class, thatf?@,(Ah ..., An | C = ¢;). The Bayesian
network forc; is called alocal network forc;. The set of local networks combined with a
prior onC, P(C), is called aBayesian multinefHeckerman, 1991; Geiger & Heckerman,
1996). Formally, a multinet is a tuplel = (P, By, ..., By) whereP is a distribution
onC, andB,; is a Bayesian network ovet, ..., A, for1 <i < k = |Val(C)|. Amultinet
M defines a joint distribution:

P]L[(C,Al,...,An) = Pc(C) . PBi(Ala---aAn) whenC = Ci.

When learning a multinet, we sél-(C) to be the frequency of the class variable in
the training data, that iSl?D(C), and learn the networkB; in the manner just described.

Once again, we classify by choosing the class that maximizes the posterior probability
Py (ClA4,. .., A,). By partitioning the data according to the class variable, this method-
ology ensures that the interactions between the class variable and the attributes are taken into
account. The multinet proposal is strictly a generalization of the augmented naive Bayes,
in the sense that that an augmented naive Bayesian network can be easily simulated by a
multinet where all the local networks have the same structure. Note that the computational
complexity of finding unrestricted augmenting edges for the attributes is aggravated by the
need to learn a different network for each value of the class variable. Thus, the search for
learning the Bayesian network structure must be carried out several times, each time on a
different data set.

As in the case of augmented naive Bayes, we can address this problem by constraining
the class of local networks we might learn to be treelike. Indeed, the construction of a set
of trees that minimizes the log likelihood score was the original method used by Chow and
Liu (1968) to build classifiers for recognizing handwritten characters. They reported that,
in their experiments, the error rate of this method was less than half that of naive Bayes.

We can use the algorithm in Theorem 1 separately to the attributes that correspond to
each value of the class variable. This results in a multinet in which each network is a tree.

COROLLARY 1 (Chow & Liu, 1968)LetD be acollection ofVinstancesof’, A4, ..., A,.
There is a procedure of time complexilyn? - N') which constructs a multinet consisting
of trees that maximizes log likelihood.

Proof: The procedure is as follows:

1. SplitDintok = |Val(C)| partitions,D;, . . ., Dy, such thaD; contains all the instances
in D whereC' = ¢;.

2. SetPo(c;) = Pp(c).

3. Apply the procedur@onstruct-Tree of Theorem 1 orD; to constructB;.
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Steps 1 and 2 take linear time. Theorem 1 states that step 3 has time com@lexity;|)
for eachi. Since) . |D;| = N, we conclude that the whole procedure has time complexity
O(n?N). [ |

As with TAN models, we apply smoothing to avoid unreliable estimation of parameters.
Note also that we partition the data further, and therefore run a higher risk of missing the
accurate weight of some edge (in contrastto TAN). On the other hand, TAN forces the model
to show the same augmenting edges for all classes. As can be expected, our experiments
(see Figure 7) show that Chow and Liu (CL) multinets perform as well as TAN, and that
neither approach clearly dominates.

4.3. Beyond tree-like networks

In the previous two sections we concentrated our attention on tree-like augmented naive
Bayesian networks and Bayesian multinets, respectively. This restriction was motivated
mainly by computational considerations: these networks can be induced in a provably
effective manner. This raises the question whether we can achieve better performance at
the cost of computational efficiency. One straightforward approach to this question is to
search the space of all augmented naive Bayesian networks (or the larger space of Bayesian
multinets) and select the one that minimizes the MDL score.

This approach presents two problems. First, we cannot examine all possible network
structures; therefore we must resort to heuristic search. In this paper we have examined
a greedy search procedure. Such a procedure usually finds a good approximation to the
minimal MDL scoring network. Occasionally, however, it will stop at a “poor” local
minimum. To illustrate this point, we ran this procedure on a data set generated from a
parity function. This concept can be captured by augmenting the naive Bayes structure with
a complete subgraph. However, the greedy procedure returned the naive Bayes structure,
which resulted in a poor classification rate. The greedy procedure learns this network
because attributes are independent of each other given the class. As a consequence, the
addition of any single edge did not improve the score, and thus, the greedy procedure
terminated without adding any edges.

The second problem involves the MDL score. Recall that the MDL score penalizes larger
networks. The relative size of the penalty grows larger for smaller data sets, so that the
score is heavily biased for simple networks. As a result, the procedure we just described
might learn too few augmenting edges. This problem is especially acute when there are
many classes. In this case, the naive Bayesian structure by itself requires many parameters,
and the addition of an augmenting edge involves adding at least as many parameters as the
number of classes. In contrast, we note that both the TAN and CL multinet classifier learn
a spanning tree over all attributes.

As shown by our experimental results, see Table 4, both unrestricted augmented naive
Bayesian networks and unrestricted multinets lead to improved performance over that of
the unrestricted Bayesian networks of Section 3. Moreover, on some data sets they have
better accuracy than TAN and CL multinets.
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Figure 7. Error curves and scatter plot comparing smoothed TAN (solid lireeis) with smoothed CL multinet
classifier (dashed ling,axis). In the error curves, the smaller the value, the better the accuracy. In the scatter plot,
points above the diagonal line corresponds to data sets where smoothed TAN performs better and points below the
diagonal line corresponds to data sets where smoothed CL multinets classifier performs better. See the caption of
Figure 2 for a more detailed description.

5. Experimental methodology and results

We ran our experiments on the 25 data sets listed in Table 1. All of the data sets come
from the UCI repository (Murphy & Aha, 1995), with the exception of “mofn-3-7-10” and
“corral”. These two artificial data sets were designed by John and Kohavi (1997) to evaluate
methods for feature subset selection.
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Table 1.Description of data sets used in the experiments.

Dataset # Attributes  # Classes  # Instances
Train  Test
1  australian 14 2 690 CV-5
2 Dbreast 10 2 683 CV-5
3  chess 36 2 2130 1066
4 cleve 13 2 296 CV-5
5 corral 6 2 128 CV-5
6  crx 15 2 653 CV-5
7  diabetes 8 2 768 CV-5
8 flare 10 2 1066 CV-5
9 german 20 2 1000 CV-5
10 glass 9 7 214 CV5
11 glass2 9 2 163 CV-5
12 heart 13 2 270 CV-5
13 hepatitis 19 2 80 CV-5
14 iris 4 3 150 CV-5
15  letter 16 26 15000 5000
16  lymphography 18 4 148 CV-5
17 mofn-3-7-10 10 2 300 1024
18  pima 8 2 768 CV-5
19  satimage 36 6 4435 2000
20  segment 19 7 1540 770
21 shuttle-small 9 7 3866 1934
22  soybean-large 35 19 562 CV-5
23 vehicle 18 4 846 CV-5
24 vote 16 2 435 CV-5
25  waveform-21 21 3 300 4700

The accuracy of each classifier is based on the percentage of successful predictions on the
test sets of each data set. We used the MbEGsystem (Kohavi et al., 1994) to estimate the
prediction accuracy for each classifier, as well as the variance of this accuracy. Accuracy was
measured via the holdout method for the larger data sets (thatis, the learning procedures were
given a subset of the instances and were evaluated on the remaining instances), and via five-
fold cross validationusing the methods described by Kohavi (1995), for the smallerdnes.
Since we do not deal, at present, with missing data, we removed instances with missing
values from the data sets. Currently, we also do not handle continuous attributes. Instead,
we applied a pre-discretization step in the manner described by Dougherty et al. (1995).
This pre-discretization is based on a variant of Fayyad and Irani’s (1993) discretization
method. These preprocessing stages were carried out by therMLsystem. Runs with
the various learning procedures were carried out on the same training sets and evaluated
on the same test sets. In particular, the cross-validation folds were the same for all the
experiments on each data set.

Table 2 displays the accuracies of the main classification approaches we have discussed
throughout the paper using the abbreviations:

NB: the naive Bayesian classifier
BN: unrestricted Bayesian networks learned with the MDL score

TAN*®: TAN networks learned according to Theorem 2, with smoothed parameters
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CL*®: CL multinet classifier—Bayesian multinets learned according to Theorem 1—with
smoothed parameters

C4.5: the decision-tree induction method developed by Quinlan (1993)

SNB: theselective naive Bayesian classifiarwrapper-based feature selection applied to
naive Bayes, using the implementation of John and Kohavi (1997)

In the previous sections we discussed these results in some detail. We now summarize
the highlights. The results displayed in Table 2 show that although unrestricted Bayesian
networks can often lead to significant improvement over the naive Bayesian classifier, they
can also result in poor classifiers in the presence of multiple attributes. These results also
show that both TAN and the CL multinet classifier are roughly equivalent in terms of
accuracy, dominate the naive Bayesian classifier, and compare favorably with both C4.5
and the selective naive Bayesian classifier.

Table 3 displays the accuracies of the naive Bayesian classifier, the TAN classifier, and
CL multinet classifier with and without smoothing. The columns labBIBATAN , andCL
present the accuracies without smoothing, and the columns laN&&drAN °, andCL ¢
describe the accuracies with smoothing. These results show that smoothing can significantly
improve the accuracy both of TAN and of CL multinet classifier and does not significantly
degrade the accuracy of results from other data sets. Improvement is noticed mainly in
small data sets and in data sets with large numbers of classes. On the other hand, smoothing
does not significantly improve the accuracy of the naive Bayesian classifier.

Finally, in Table 4 we summarize the accuracies of learning unrestricted augmented naive
Bayes networksANB) and multinetsIN ) using the MDL score. The table also contains
the corresponding tree-like classifiers for comparison. These results show that learning
unrestricted networks can improve the accuracy in data sets that contain strong interactions
between attributes and that are large enough for the MDL score to add edges. On other data
sets, the MDL score is reluctant to add edges giving structures that are similar to the naive
Bayesian classifier. Consequently, in these data sets, the predictive accuracy will be poor
when compared with TAN and CL multinet classifier.

6. Discussion

Inthis section, we review related work and expand on the issue of a conditional log likelihood
scoring function. Additionally, we discuss how to extend the methods presented here to
deal with complicating factors such as numeric attributes and missing values.

6.1. Related work on naive Bayes

There has been recent interest in explaining the surprisingly good performance of the naive
Bayesian classifier (Domingos & Pazzani, 1996; Friedman, 1997a). The analysis provided
by Friedman (1997a) is particularly illustrative, in that it focuses on characterizing how the

bias and variance components of the estimation error combine to influence classification
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Data set NB BN TAN?® CL*® C4.5 SNB

1 australian 86.23+-1.10 86.23+-1.76 84.20+4-1.24 85.07+-1.31 85.654-1.82 86.67+-1.81

2 Dbreast 97.364+-0.50 96.924-0.63 96.92+-0.67 97.07+-0.66 94.734+-0.59 96.19+-0.63

3 chess 87.15+-1.03 95.594-0.63 92.314-0.82 92.404-0.81 99.534-0.21 94.28+-0.71

4 cleve 82.764-1.27 81.394-1.82 81.764+-0.33 80.73+-1.40 73.314-0.63 78.06+-2.41

5 corral 85.88+4-3.25 97.60+-2.40 96.06+-2.51 99.234-0.77 97.69+-2.31 83.57+-3.15

6 crx 86.224-1.14 85.60+-0.17 85.76+-1.16 86.22+-1.14 86.22+4-0.58 85.92+-1.08

7  diabetes 74.484--0.89 75.394-0.29 75.524-1.11 74.74+-1.19 76.04+4-0.85 76.04+4-0.83

8 flare 79.46+-1.11 82.74+-1.90 82.274-1.86 82.184-1.45 82.554-1.75 83.404--1.67

9 german 74.704+-1.33  72.30+-1.57 73.10+-1.54 73.90+-1.85 72.204-1.23 73.70+-2.02
10 glass 69.66+-1.85 55.574+-5.39 67.784--3.43 70.58+4-1.09 69.624+-1.95 71.984-2.15
11  glass2 79.174+-1.71  75.494-2.47 77.924+-1.11 79.194-2.14 76.67+-1.63 79.174-1.71
12 heart 81.484--3.26 82.22+4-2.46 83.33+-2.48  82.224-2.96 81.11+4-3.77 81.85+-2.83
13 hepatitis 91.25+4-1.53 91.25+-4.68 91.254-2.50 92.50+4+-1.25 86.25+4-4.15 90.00+-4.24
14 iris 93.33+4-1.05 94.00+-1.25 94.004+-1.25 93.33+-1.05 94.00+4-1.25 94.004-1.25
15 letter 74.96+-0.61 75.024-0.61 85.864+-0.49 88.02+-0.46  77.70+-0.59 75.364-0.61

16  lymphography  79.72+4-1.10 75.034-1.58 85.03+4-3.09 81.75+-3.44 77.034-1.21 77.72+4-2.46
17 mofn-3-7-10 86.43+-1.07 85.94+4-1.09 91.11+-0.89 91.504--0.87 85.55+-1.10 87.50+-1.03

18 pima 75.514-1.63  75.00+-1.22 75.524-1.27 75.39+-1.51 75.134-1.52 74.86+-2.61
19 satimage 81.75+-0.86 59.20+-1.10 87.204-0.75 87.004-0.75 83.15+-0.84 82.05+-0.86
20  segment 91.17+-1.02 93.51+-0.89 95.584--0.74 93.124+-0.91 93.64+-0.88 93.25+-0.90

21 shuttle-small 98.34+-0.29 99.174-0.21 99.534-0.15  99.02+-0.22 99.174+-0.21 99.28+-0.19
22 soybean-large 91.29+4-0.98 58.544-4.84 92.17+-1.02 91.46+-0.99 92.00+-1.11 92.894-1.01
23 vehicle 58.284-1.79 61.00+-2.02 69.63+-2.11 67.15+-2.06 69.744-1.52 61.36+-2.33
24 vote 90.34+-0.86 94.94+-0.46 93.56+-0.28 94.71+-1.00 95.634-0.43 94.71+-0.59
25  waveform-21 77.89+-0.61 69.45+-0.67 78.384-0.60 78.36+4-0.60 74.70+-0.63 76.534-0.62

Table 2.Experimental results of the primary approaches discussed in this paper.

performance. For the naive Bayesian classifier, he shows that, under certain conditions, the
low variance associated with this classifier can dramatically mitigate the effect of the high
bias that results from the strong independence assumptions.

One goal of the work described in this paper has been to improve the performance of the
naive Bayesian classifier by relaxing these independence assumptions. Indeed, our empir-
ical results indicate that a more accurate modeling of the dependencies amongst features
leads to improved classification. Previous extensions to the naive Bayesian classifier also
identified the strong independence assumptions as the source of classification errors, but
differ in how they address this problem. These works fall into two categories.

Work in the first category, such as that of Langley and Sage (1994) and of John and
Kohavi (1997), has attempted to improve prediction accuracy by rendering some of the
attributes irrelevant. The rationale is as follows. As we explained in Section 4.1, if two
attributes, sayl; andA;, are correlated, then the naive Bayesian classifier may overamplify
the weight of the evidence of these two attributes on the class. The proposed solution in
this category is simply to ignore one of these two attributes. (Removing attributes is also
useful if some attributes are irrelevant, since they only introduce noise in the classification
problem.) This is a straightforward application fefature subset selectionThe usual
approach to this problem is to search for a good subset of the attributes, using an estimation
scheme, such as cross validation, to repeatedly evaluate the predictive accuracy of the naive
Bayesian classifier on various subsets. The resulting classifier is calledléutive naive
Bayesian classifieffollowing Langley and Sage (1994).
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Data set NB NB* TAN TAN® cL cL®

1 australian 86.23+4-1.10 86.23+-1.10 81.30+-1.06 84.20+-1.24 82.17+-1.27 85.074-1.31

2 breast 97.36+-0.50 97.36+-0.55 95.754-1.25 96.92+-0.67 95.90+-1.13 97.07+-0.66
3 chess 87.15+-1.03 87.05+-1.03 92.404-0.81 92.314+-0.82 92.40+-0.81 92.404-0.81
4 cleve 82.76+4+-1.27 82.76+-1.27 79.06+-0.65 81.76+-0.33 78.04+-1.20 80.73+-1.40
5 corral 85.88+-3.25 85.88+4-3.25 95.32+-2.26 96.064-2.51 99.23+-0.77 99.234-0.77
6 crx 86.22+4-1.14 86.224-1.14 83.77+-1.34 85.764--1.16 83.924-1.50 86.22+-1.14
7  diabetes 74.48+-0.89 74.48+-0.89 75.13+-0.98 75.52+4-1.11 74.354-1.43 74.744-1.19
8 flare 79.46+-1.11 79.65+4-1.23 82.744-1.60 82.27+-1.86 81.90+-1.51 82.184-1.45
9 german 74.704-1.33  74.604-1.34 72.20+-1.54 73.104-1.54 71.80+-2.31 73.90+-1.85
10 glass 69.66+4-1.85 67.784-2.17 69.184--2.64 67.78+4-3.43 69.174-1.29 70.584--1.09
11  glass2 79.17+-1.71 79.77+4-1.50 79.174+-1.71 77.924-1.11 79.17+-1.71 79.194-2.14
12 heart 81.48+4-3.26 81.48+-3.26 82.96+-2.51 83.33+4-2.48 82.96+-3.12 82.22+-2.96
13 hepatitis 91.25+4-1.53 86.25+-2.34 85.004-2.50 91.25+-2.50 86.254-3.06 92.50+-1.25
14 iris 93.33+-1.05 94.004-1.25  93.334-1.05 94.00+-1.25  93.33+-1.05 93.334-1.05
15 letter 74.96+4-0.61 74.66+4-0.62 83.44+-0.53 85.86+-0.49 84.344--0.51 88.02+-0.46

16  lymphography  79.72+-1.10 81.724-2.62 66.87+4-3.37 85.034+-3.09 64.11+-4.77 81.75+4-3.44
17 mofn-3-7-10 86.43+-1.07 86.234-1.08 91.70+4-0.86 91.11+-0.89 91.60+-0.87 91.50+4-0.87

18  pima 75.514-1.63 75.51+4-1.63 75.13+-1.36 75.524-1.27 75.39+-1.45 75.39+-1.51
19  satimage 81.75+4-0.86 81.65+4-0.87 77.554-0.93 87.204-0.75 77.95+-0.93 87.004+-0.75
20  segment 91.174+-1.02 90.914-1.04 85.32+4-1.28 95.584--0.74 82.86+4-1.36 93.12+4-0.91

21 shuttle-small 98.344-0.29 98.76+4-0.25 98.864-0.24 99.534-0.15 98.86+-0.24 99.02+-0.22
22  soybean-large 91.294-0.98 92.00+4-1.32 58.174-1.43 92.174-1.02  53.38+4-1.11 91.46+4-0.99
23 vehicle 58.284-1.79 58.994-1.57 67.864-2.92 69.63+-2.11 66.56+-2.18 67.154-2.06
24 vote 90.34+-0.86 89.89+-1.60 89.20+-1.61 93.56+-0.28 89.424-1.72 94.714-1.00
25  waveform-21 77.89+4-0.61 78.68+-0.60 75.38+-0.63 78.384-0.60 73.85+-0.64 78.36+-0.60

Table 3.Experimental results describing the effect of smoothing parameters.

Itis clear that, if two attributes are perfectly correlated, then the removal of one can only
improve the performance of the naive Bayesian classifier. Problems arise, however, if two
attributes are only partially correlated. In these cases the removal of an attribute may lead
to the loss of useful information, and the selective naive Bayesian classifier may still retain
both attributes. In addition, this wrapper-based approach is, in general, computationally
expensive. Our experimental results (see Figure 6) show that the methods we examine here
are usually more accurate than the selective naive Bayesian classifier as used by John and
Kohavi (1997).

Work in the second category (Kononenko, 1991; Pazzani, 1995; Ezawa & Schuermann,
1995) are closer in spirit to our proposal, since they attempt to improve the predictive
accuracy by removing some of the independence assumptionsseffienaive Bayesian
classifier(Kononenko, 1991) is a model of the form

P(C,As,...,Ay) = P(C) - P(A|C) - P(A|C) ©)

whereA, ..., A are pairwise disjoint groups of attributes. Such a model assume4that

is conditionally independent of; if, and only if, they are in different groups. Thus, no as-
sumption of independence is made about attributes that are in the same group. Kononenko’s
method uses statistical tests of independence to partition the attributes into groups. This pro-
cedure, however, tends to select large groups, which can lead to overfitting problems. The
number of parameters needed to estinfatel;|C) is [Val(C)| - (I, ., [Val(4;)| = 1),

which grows exponentially with the number of attributes in the group. Thus, the parameters
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Data set TAN* ANB CL® MN

1 australian 84.20+-1.24 86.814-0.42 85.07+-1.31 86.52+-0.63

2 breast 96.92+-0.67 96.49+-1.09 97.074-0.66 96.63+-0.95

3 chess 92.314-0.82 94.18+-0.72 92.40+-0.81 96.34+-0.58

4  cleve 81.764-0.33  80.08+-1.30 80.73+-1.40 81.76+-0.33

5 corral 96.06+-2.51 98.40--1.60 99.234-0.77 99.20+-0.80

6 crx 85.76+-1.16 86.374+-0.38 86.22+-1.14 86.37+-0.54

7  diabetes 75.52+-1.11 75.52+-1.06 74.744-1.19 76.044+-0.75

8 flare 82.27+-1.86 82.84+4-1.76 82.18+-1.45 82.65+4-1.61

9 german 73.10+-1.54 73.204-1.28 73.904-1.85 72.20+4-2.00
10 glass 67.784--3.43 69.66+-1.85 70.58+-1.09 65.91+4+-1.63
11 glass2 77.924-1.11 79.174-1.71  79.19+-2.14 77.90+-1.21
12 heart 83.33+-2.48 82.59+-2.31 82.224+-2.96 83.70+-2.58
13  hepatitis 91.25+-2.50 88.75+4-2.34 92.504-1.25 90.00+4-1.53
14 iris 94.004+-1.25 93.33+-1.05 93.334+-1.05 93.334-1.05
15 letter 85.86+4-0.49 76.60+-0.60 88.02+4-0.46 80.10+-0.56

16 lymphography 85.03+-3.09 83.10+-2.19  81.75+-3.44  79.75+-0.97
17 mofn-3-7-10 91.114-0.89  86.43+-1.07  91.50+-0.87 86.43+1.07

18  pima 75.52+-1.27 74.74+-1.23 75.39+-1.51 76.30+-1.24
19 satimage 87.204+-0.75  80.50+-0.89 87.00+-0.75 77.10+-0.94
20  segment 95.58+4--0.74 91.17+-1.02 93.12+-0.91 90.26+-1.07

21  shuttle-small 99.53+4--0.15 98.91+-0.24 99.02+-0.22 98.97+4-0.23
22  soybean-large 92.174-1.02 92.18+4-1.02 91.46+-0.99 87.01+4-1.17
23 vehicle 69.63+-2.11 67.38+-1.38 67.15+4-2.06 64.20+-2.57
24 vote 93.56+4-0.28 89.66+-1.21 94.714-1.00 90.114-1.48
25  waveform-21 78.384-0.60 77.75+4-0.61 78.364-0.60 76.854-0.62

Table 4. Experimental results of comparing tree-like networks with unrestricted augmented naive Bayes and
multinets.

assessed faP(.A4;|C) may quickly become unreliable 4; contains more than two or three
attributes.

Pazzani suggests that this problem can be solved by using a cross-validation scheme to
evaluate the accuracy of a classifier. His procedure starts with singleton group4(i-e.,
{41},..., A, = {A,}) and then combines, in a greedy manner, pairs of groups. (He
also examines a procedure that performs feature subset selection after the stage of joining
attributes.) This procedure does not, in general, select large groups, since these lead to poor
prediction accuracy in the cross-validation test. Thus, Pazzani’s procedure learns classifiers
that partition the attributes in to many small groups. Since each group of attributes is
considered independent of the rest given the class, these classifiers can capture only small
number of correlations among the attributes.

Both Kononenko and Pazzani essentially assume that all of the attributes in each group
A; can be arbitrarily correlated. To understand the implications of this assumption, we use
a Bayesian network representation. If welet= {4,,,..., 4, }, then, using the chain
rule, we get

P(A|C) = P(A4,|C) - P(Aiy|Ai1,C) - P(Ai,|Air, ..., Ai,_,, ).

Applying this decomposition to each of the terms in Equation 9, we get a product form
from which a Bayesian network can be built. Indeed, this is an augmented naive Bayes
network, in which there is a complete subgraph—that is, one to which we cannot add arcs
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without introducing a cycle—on the variables of each grolip In contrast, in a TAN
network there is a tree that spans over all attributes; thus, these models retain conditional
independencies among correlated attributes. For example, consider a data set where the two
attributes,A; andA,, are each correlated with another attribute, but are independent of

each other givenl;. These correlations are captured by the semi-naive Bayesian classifier
only if all three attributes are in the same group. In contrast, a TAN classifier can place
an edge fromAs to A; and another tod,. These edges capture the correlations between
the attributes. Moreover, if the attributes and the class variable are boolean, then the TAN
model would require 11 parameters, while the semi-naive Bayesian classifier would require
14 parameters. Thus, the representational tools of Bayesian networks let us relax the
independence assumptions between attributes in a gradual and flexible manner, and study
and characterize these tradeoffs with the possibility of selecting the right compromise for
the application at hand.

Ezawa and Schuermann (1995) describe a method that use correlations between attributes
in a different manner. First, it computes all pairwise mutual information between attributes
and sorts them in descending order. Then, the method adds edges among attributes going in
the computed order until it reaches some predefined thre§holdhis approach presents a
problem. Consider three attributes that are correlated as in the above exampled A3
are correlated4, andAjs are correlated, bt is probabilistically independent of; given
As. When this method is used, the pairwise mutual information of all combinations will
appear to be high, and the algorithm will propose an edge between every pair of attributes.
Nonetheless, the edge betweénand A, is superfluous, since their relation is mediated
throughAs. This problem is aggravated if we consider a fourth attribdtg that is strongly
correlated tad,. Then, either more superfluous edges will be added, or, if the thre$hold
is reached, this genuine edge will be ignored in favor of a superfluous one. Even though the
TAN approach also relies on pairwise computation of the mutual information, it avoids this
problem by restricting the types of interactions to the form of a tree. We reiterate, that under
this restriction, the TAN approach finds an optimal tree (see Theorem 2). This example
also shows why learning structures that are not trees—that is, where some attributes have
more than one parent—requires us to examine higher-order interactions such as the mutual
information of A; with A givenC and As.

Finally, another related effort that is somewhere between the categories mentioned above
is reported by Singh and Provan (1995, 1996). They combine several feature subset selec-
tion strategies with an unsupervised Bayesian network learning routine. This procedure,
however, can be computationally intensive (e.g., some of their strategies (Singh & Provan,
1995) involve repeated calls to a the Bayesian network learning routine).

6.2. The conditional log likelihood

Even though the use of log likelihood is warranted by an asymptotic argument, as we have
seen, it may not work well when we have a limited number of samples. In Section 3
we suggested an approach based on the decomposition of Equation 6 that evaluates the
predictive error of a model by restricting the log likelihood to the first term of the equation.
This approach is an example ofiade monitoyin the terminology of Spiegelhalter, Dawid,
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Lauritzen, and Cowell (1993). Let theonditional log likelihoodof a Bayesian network

B, given data seD, be CLL(B|D) = "V log Pg(C?| A%, ..., AL). Maximizing this
term amounts to maximizing the ability to correctly predi¢tfor each assignment to
Ay, ..., A,. Using manipulations analogous to the one described in Appendix A, it is
easy to show that maximizing the conditional log likelihood is equivalent to minimizing the
conditional cross-entropy

D(Pp(C|A1 ..., Ay)|Ps(ClAr ..., Ay)) =
> Pplar...,a,)D(Pp(Clas ...,an)|Ps(Clas ..., an)) (10)

This equation shows that by maximizing the conditional log likelihood we are learning the
model that best approximates the conditional probabilit¢’ajiven the attribute values.
Consequently, the model that maximizes this scoring function should yield the best classifier.

We can easily derive a conditional MDL score that is based on the conditional log like-
lihood. In this variant, the learning task is stated as an attempt to efficiently describe the
class values for a fixed collection of attribute records. The term describing the length of
the encoding of the Bayesian network model remains as before, while the second term is
equal toN - CLL(B|D). Unfortunately, we do not have an effective way to maximize the
termCLL(B|D), and thus the computation of the network that minimizes the overall score
becomes infeasible.

Recall that, as discussed in Section 3, once the structure of the network is fixed, the MDL
score is minimized by simply substituting the frequencies in the data as the parameters of
the network (see Equation 5). Once we change the score tGlthéB|D), this is true
only for a very restricted class of structures.dfis a leaf in the network—that is, i’
does not have any outgoing arcs—then it is easy to prove that setting parameters according
to Equation 5 maximize€LL(B|D) for a fixed network structure. However, @ has
outgoing arcs, we cannot describg (C|A;, ..., A,) as a product of parameters @&,
since Ps(C| Ay, ..., A,) also involves a normalization constant that requires us to sum
over all values of”. As a consequenc€LL(B|D) does not decompose, and we cannot
maximize the choice of each conditional probability table independently of the others.
Hence, we do not have a closed-form equation for choosing the optimal parameters for the
conditional log likelihood score. This implies that, to maximize the choice of parameters
for a fixed network structure, we must resort to search methods such as gradient descent over
the space of parameters (e.g., using the techniques of (Binder et al., 1997)). When learning
the network structure, this search must be repeated for each structure candidate, rendering
the method computationally expensive. Whether we can find heuristic approaches that will
allow effective learning using the conditional log likelihood remains an open question.

The difference between procedures that maximize log likelihood and ones that maximize
conditional log likelihood is similar to a standard distinction made in the statistics literature.
Dawid (1976) describes two paradigms for estimafit{g’, A4, ..., A,,). These paradigms
differin how they decomposB(C, A4, ..., A,). Inthesamplingparadigm, we assume that
P(C,Ay,...,A,) = P(C) - P(44,...,4,|C) and assess both terms. In tiiegnostic
paradigm, we assume th&(C, A;,...,A,) = P(Ay,..., An) - P(C|A4, ..., Ay) and
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assess only the second term, since it is the only one relevant to the classification process.
In general, neither of these approaches dominates the other (Ripley, 1996).

The naive Bayesian classifier and the extensions we have evaluated belong to the sampling
paradigm. Although the unrestricted Bayesian networks (described in Section 3) do not
strictly belong in either paradigm, they are closer in spirit to the sampling paradigm.

6.3. Numerical attributes and missing values

Throughout this paper we have made two assumptions: that all attributes have finite numbers
of values, and that the training data ammpletein that each instance assigns values to all
the variables of interest. We now briefly discuss how to move beyond both these restrictions.

One approach to dealing with numerical attributes idiszretizethem prior to learning
a model. This is done using a discretization procedure such as the one suggested by
Fayyad and Irani (1993), to partition the range of each numerical attribute. Then we can
invoke our learning method treating all variables as having discrete values. As shown
by Dougherty, et al. (1995), this approach is quite effective in practice. An alternative
is to discretize numerical attributes during the learning process, which lets the procedure
adjust the discretization of each variable so that it contains just enough partitions to capture
interactions with adjacent variables in the network. Friedman and Goldszmidt (1996b)
propose a principled method for performing such discretization.

Finally, there is no conceptual difficulty in representimgbrid Bayesian networks that
contain both discrete and continuous variables. This approach involves choosing an appro-
priate representation for treonditional densityf a numerical variable given its parents;
for example, Heckerman and Geiger (1995) examine learning networks with Gaussian dis-
tributions. It is straightforward to combine such representations in the classes of Bayesian
networks described in this paper. For example, a Gaussian variant of the naive Bayesian
classifier appears in Duda and Hart (1973) and a variant based on kernel estimators appears
in John and Langley (1995). We suspect that there exist analogues to Theorem 2 for such
hybrid networks but we leave this issue for future work.

Regarding the problem of missing values, in theory, probabilistic methods provide a
principled solution. If we assume that values amssing at randonRubin, 1976), then
we can use thmarginal likelihood(the probability assigned to the parts of the instance that
were observed) as the basis for scoring models. If the values are not missing at random, then
more careful modeling must be exercised in order to include the mechanism responsible for
the missing data.

The source of difficulty in learning from incomplete data, however, is that the marginal
likelihood does notdecompose. Thatis, the score cannot be written as the sum of local terms
(as in Equation 4). Moreover, to evaluate the optimal choice of parameters for a candidate
network structure, we must perform nonlinear optimization using either EM (Lauritzen,
1995) or gradient descent (Binder et al., 1997).

The problem of selecting the best structure is usually intractable in the presence of missing
values. Several recent efforts (Geiger et al., 1996; Chickering & Heckerman, 1996) have
examined approximations to the marginal score that can be evaluated efficiently. Addition-
ally, Friedman (1997b) has proposed a variant of EM for selecting the graph structure that
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can efficiently search over many candidates. The computational cost associated with all of
these methods is directly related to the problernmédrencein the learned networks. For-
tunately, inference iTANmodels can be performed efficiently. For example, Friedman’s
method can be efficiently applied to learnilgNmodels in the presence of missing values.

We plan to examine the effectiveness of this and other methods for dealing with missing
values in future work.

7. Conclusions

In this paper, we have analyzed the direct application of the MDL method to learning
unrestricted Bayesian networks for classification tasks. We showed that, although the
MDL method presents strong asymptotic guarantees, it does not necessarily optimize the
classification accuracy of the learned networks. Our analysis suggests a class of scoring
functions that may be better suited to this task. These scoring functions appear to be
computationally intractable, and we therefore plan to explore effective approaches based
on approximations of these scoring functions.

The main contribution of our work is the experimental evaluation of the tree-augmented
naive Bayesian classifiers, TAN, and the Chow and Liu multinet classifier. It is clear that
in some situations, it would be useful to model correlations among attributes that cannot be
captured by atree structure (or collections of tree structures). Such models will be preferable
when there are enough training instances to robustly estimate higher-order conditional
probabilities. Still, both TAN and CL multinets embody a good tradeoff between the quality
of the approximation of correlations among attributes and the computational complexity in
the learning stage. The learning procedures are guaranteed to find the optimal tree structure,
and, as our experimental results show, they perform well in practice against state-of-the-art
classification methods in machine learning. We therefore propose them as worthwhile tools
for the machine learning community.

Acknowledgments

The authors are grateful to Denise Draper, Ken Fertig, Joe Halpern, David Heckerman, Ron
Kohavi, Pat Langley, Judea Pearl, and Lewis Stiller for comments on previous versions
of this paper and useful discussions relating to this work. We also thank Ron Kohavi for
technical help with the MLG-+ library. Most of this work was done while Nir Friedman

and Moises Goldszmidt were at the Rockwell Science Center in Palo Alto, California. Nir
Friedman also acknowledges the support of an IBM graduate fellowship and NSF Grant
IRI-95-03109.



160 N. FRIEDMAN, D. GEIGER, AND M. GOLDSZMIDT

Appendix A
Information-theoretic interpretation of the log likelihood

Here we review several information-theoretic notions and how they let us represent the log
likelihood score. We will concentrate on the essentials and refer the interested reader to
Cover and Thomas (1991) for a comprehensive treatment of these notions.

Let P be a joint probability distribution ovad. Theentropyof X (given P) is defined
asHp(X) = =) x P(x)log P(x). The functionHp(X) is the optimal number of bits
needed to store the value Xf which roughly measures the amount of information carried
by X. More precisely, suppose that, ..., X, is a sequence of independent samples of
X according taP(X), then we cannot represex, . . . , X,,, with less thann - Hp(X) bits
(assuming thatn is known). With this interpretation in mind, it is easy to understand the
properties of the entropy. First, the entropy is always nonnegative, since the encoding length
cannot be negative. Second, the entropy is zero if and olyis#f perfectly predictable,

i.e., if one value oKX has probabilityl. In this case, we can reconstrugt . . . , X,,, without
looking atthe encoding. Finally, the entropy is maximal wiX ) is totally uninformative,
i.e., assigns a uniform probability .

Suppose thaB is a Bayesian network ovés that was learned fronb, i.e., © satisfies
Equation 5. The entropy associated withis simply Hp_ (U). Applying Equation 1 to
log Pg(u), moving the product out of the logarithm, and changing the order of summation,
we derive the equation

HPB(U) = Z Z PD(xi’ Hﬂlz) IOg(GJL’l\HIl) )
iz, Ily;

from which it immediately follows that p,, (U) = —+LL(B|D), using Equation 4. This

equality has several consequences. First, it implies-that B| D) is the optimal number

of bits needed to descrilde, assuming thaPg is the distribution from whictD is sampled.

This observation justifies the use of the terrhL(B|D) for measuring the representation

of D inthe MDL encoding scheme. Second, this equality implies that maximizing the log

likelihood is equivalent to searching for a model that minimizes the entropy, as shown by

Lewis (1959).

This reading suggests that by maximizing the log likelihood we are minimizing the
description ofD. Another way of viewing this optimization process is to us#ss entropy
which is also known as the Kullback-Leibler divergence (Kullback & Leibler, 1951). Cross
entropy is a measure of distance between two probability distributions. Formally,

DIPOOIQE) = Y PO log g (A1)
Xeval(X)

One information-theoretic interpretation of cross entropy isaherage redundancin-
curred in encoding when we use a wrong probability measure. Roughly speaking, we will
incur an overhead dP (P (X)|Q(X)) per instance in the encoding of sample®¢K ) when
we assume tha&X is distributed according t@. That is, an encoding of;, . . ., X,,, will be
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m(Hp(X) + D(P(X)|Q(X))) bits long,mD(P(X)|Q(X)) more than the optimal. Given
this interpretation of cross entropy, it is not surprising that minimiZing®p (U)[ Pz (U))
is equivalent to minimizingZp, (U), and thus is also equivalent to maximizibg(B|D).

We now turn our attention to the structure of the log likelihood term. A measure related
to entropy is theconditional entropy which measures the entropy ¥fwhen we know
the value ofY: Hp(X|Y) = — Zy P(y) > "x P(x]y)log P(x]y). In terms of encoding,
Hp(X]Y) measures the optimal number of bits needed to encode the Xalugen the
value ofY is given. Intuitively, knowing the value of can only be useful for encoding
more compactly. Indeed?p(X|Y) < Hp(X). The difference between these two values,
called themutual informatiorbetweenX andY, measures how much informatiohbears
on X. Formally, the mutual information is defined as

o - _ _Pxy)
Ip(X;Y) = Hp(X) — Hp(X]Y) %P(X’y)logP(x) )

Applying these definitions to Equation 4 we immediately derive the equation

LL(B|ID) = =N Y Hp (X;[Tx,) =N Ip (Xi;Tlx,) = N Y Hp (X;).
” 7’ Z (A.2)

Several observations are in order. First, notice that (X;) is independent of the choice of

B. Thus, to maximiz&L(G|D) we must maximize only the first term. This representation
provides an appealing intuition, since itamounts to maximizing the correlation between each
X, and its parents. Second, the representation lets us easily prove that complete networks
maximize the log likelihood: iB” has a superset of the arcsi thenIly, C H’Xi for all

i; sincel(X;Y) < I(X;Y U Z), we immediately deriveL(B|D) < LL(B'|D).

Notes

1. TAN structures were called “Bayesian conditional trees” by Geiger (1992).

2. Analternative notion of smoothing was investigated by Cestnik (1990) in the context of learning naive Bayesian
classifiers.

3. The choice ok = 5 in our k-fold cross validation is based on the recommendations of Kohavi (1995).
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