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Abstract. We present a fast potential decomposition algorithm that seeks for
proportionality in a probability tree. We give a measure that determines the
accuracy of a decomposition in case that exact factorization is not possible.
This measure can be used to decide the variable with respect to which a tree
should be factorized in order to obtain the most accurate decomposed model.
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1 Introduction

The outperformance of trees over other structures in the field of Bayesian
networks inference has been analyzed [Il [3]. Trees can be decomposed in
order to improve the overall inference process efficiency, by locating the parts
of the tree where a concrete operation must be performed. Many algorithms
take this into account, being able to work with lists of potentials, as Lazy
propagation [6] or Lazy-penniless [4]. Recursive Probability Trees (RPTs) [2]
are a generalization of probability trees, and are able to store any possible
decomposition of a potential.

There have been previous works on tree-based potential decomposition
[7,[8], but the limitations of probability trees make those attempts quite time
demanding during the inference process. In this work we present a potential
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decomposition algorithm that quickly divides a probability tree into (approx-
imately) proportional factors that can be stored in a RPT.

2 Recursive Probability Trees

A Recursive Probability Tree [2] is a directed tree with two different kinds
of inner nodes: Split and List nodes, and two types of leaf nodes: Value and
Potential nodes. A Split node represents a discrete variable. A List node
represents a multiplicative factorization by listing all the factors in which a
potential is decomposed. It has as many outgoing arcs as factors in the de-
composition. A Value node represents a non-negative real number, and finally
a Potential node stores a full potential internally represented in whatever rep-
resentation.

With this structure it is possible to represent context-specific independen-
cies within a probability distribution as well as factorizations (involving the
whole potential or parts of it). Sometimes potentials present proportionality
relations between several parts of the tree. In the simplest case, a part of the
tree can be derived from another just by multiplying by a certain factor. This
is the case of a probability tree encoding a joint distribution for X; and X,
(see left part in Fig. [[l): the potential for X; = 0 is proportional to the one
corresponding to X; = 1. The second one can be obtained from the first one
multiplying by 4. The right part of the figure shows the recursive probabil-
ity tree for this potential. This recursive tree needs to store only 6 numbers
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Fig. 2 Decomposition of tree using b) classical decomposition and ¢) RPTs
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instead of 8. For example, an operation involving X; need not to work with
the left part of the tree.

A RPT can handle this situation and can represent the factorization in
a single structure (see Fig. [[l). Probability Trees have been used for this
kind of decomposition, but usually the factorization must be stored in two
independent structures, as in the following example. In the left part of Fig.
it can be seen a probability tree encoding a joint distribution for X,Y,Z and
W. The result of the factorization taking into account proportional values is
shown in the middle part, represented as a multiplication of two probability
trees. Finally, this decomposition can be held in just one RPT, as shown in
the right part of the figure.

3 Algorithm for Quick Probability Trees
Decomposition

When probability distributions are represented with probability trees the
efficiency of inference algorithms can be improved by applying tree decom-
position, reducing its size and locating the parts that will be affected by a
concrete operation. We propose an approximate method for probability trees
decomposition, looking for proportional values within itself. The result of the
algorithm is a list of factors representing the factorized potential. All these
factors can be compactly stored in a RPT.

3.1 FExact Decomposition

The use of probability trees allows to decompose a given tree encoding pro-
portionality into a set of subtrees representing such factorization. However,
previous factorization methods search for proportional subtrees located below
the variable to delete. Therefore, the performance is highly dependent of the
order of the variables in the tree. Let’s see an example of this. Consider the
probability distribution for variables X, Y and Z represented as the probabil-
ity tree shown in the left part of Fig. Bl Imagine that X is the next variable
to delete during the inference process. Then using classical factorization the
most compact decomposition would be the one shown in Fig.
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Fig. 3 a) Probability Tree b) Decomposition using classical factorization
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Fig. 4 Probability Tree that can not be factorized by variable X with classical
factorization

If the variable to delete is not positioned in the root of the tree, the algo-
rithms that look for factorizations may not be able to find proportionality at
all. This happens in the example presented in Fig[l

We propose an algorithm that finds the most compact factorization of
a probability tree for a given variable, independently of the order of the
variables in the tree. It returns two probability trees, and we aim to store
them as children of a list node within a RPT to benefit from this structure.

Input: Probability Tree T and variable to factorize X
Output: two probability trees {T1,75}
begin
Let xg,...,x,_1 be the possible values for variable X
Let (W = w) be any configuration for all variables of tree T, but X
Let TRW=%) denote the tree obtained from T by keeping only the
branches compatible with configuration (W = w)
Let cp, ..., 0y be the leaves of tree TRW=w)
fori—0tor—1do
Q;
Let B; %
end
Let Ty be a tree with X as only inner node and By, ..., B,_1 as leaves
Set Ty = TRX=%)
end

Algorithm 1. Factorize(T,X), quick tree factorization algorithm

3.2 Approximate Decomposition

Given a tree, Algorithm [ finds its most compact decomposition for any
variable. However, the exact decomposition for a variable may be impossible
just because the tree is not proportional with respect to it. In such case it
would be helpful to have a measure about the degree of exact decomposability
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of a tree for a given variable. Such measure of degree of decomposability
could be used, for instance, to establish a threshold to control the accuracy
of the decompositions, so that a tree would be allowed to be factorized with
respect to a given variable whenever the degree of decomposability surpasses
a previously established limit. In this way, it would be possible to obtain
an approximate factorization of a tree with a fixed accuracy. It would be
achieved by decomposing the tree with respect to any variable that surpass
the established limit, and then repeating the same process recursively with
the resulting factors, while the limit is surpassed.

If a tree is not exactly decomposable with respect to a given variable,
we propose to use the Kullback-Leibler (KL) divergence [5] as a basis to
determine how far from exact factorization a given decomposition is. The
key result is given in the next theorem, where we give an upper bound of the
KL divergence for a given decomposition.

Theorem 1. Let T be a probability tree to be decomposed with respect to
variable X. Let Y be the set of variables for which T is defined. Let Z=Y\{X}.
Let Ty and T be the output of Algorithm [ applied to T and X. Then if D(-,-)
denotes the KL divergence, it holds that

D(T,Ty xT,) < —H(T) — (Zt(y)) <Zlogt1 +Zlogr2 > (1)
y

where H denotes Shannon’s entropy, and t,t; and ty are the real functions
represented by trees T, Ty and T, respectively.

Proof
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Now, since all the values in T are non-negative real numbers, we find that
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Note that, if a decomposition is exact, then D(T,T} x T») is equal to 0, and
the further a decomposition is to the exact one, the higher the value of
the divergence reaches. Observe also that the upper bound given in Equa-
tion (), actually depends on the specific decomposition through the term
S =Y,logt)(x) +X,logt(z), which suggests that S could be used as a mea-
sure of the degree of decomposability of a tree T with respect to variable X.
The computation of S is rather fast, as it requires a time linear on the size of
T} and 7. But if computing time is a critical issue, S can be again bounded
using Jensen’s inequality as follows:

S =" logti(x) + Y logr(z) <log Y t1(x) +logy 1r(z). (2)

Note that the right side of the inequality is faster to compute because the
logarithm is applied to the result of the sum, instead of being calculated
for all the terms. Hence, we use the reasoning above to formally define the
degree of decomposability of a tree with respect to a given variable, called
the factorization degree, as follows.

Definition 1 (Factorization degree). Let T be a probability tree. Let Y be
the set of variables for which T is defined, and X CY. Let Z=Y\{X}. Let
Ty and T> be the output of Algorithm [ applied to T and X. We define the
factorization degree of T with respect to X as

fd(T,X) :logztl (X)+10g2t2(l), (3)
X z
where t; and ty are the real functions represented by Ty and T» respectively.

We have restricted this study to the simplest case, in which the first term
of the decomposition contains only one variable. However, the bound given
by Theorem [l can be extended to the case in which 7} has more than one
variable. The complexity of computing the factorization would be higher, but
the size of the resulting decomposition would be smaller as well. We leave for
a future work the analysis of this case.

4 Experimental Evaluation

In order to illustrate the behavior of the approximate decomposition method
introduced in Section[3.2 we have carried out two experiments. The first one
is aimed at checking the capability of the factorization degree in Def. [] for
ranking the variables in a probability tree according to the accuracy of the
decompositions produced when factorizing with respect to them. The goal of
the second experiment is to show that the factorization degree is also able to
guide the decomposition of a single probability tree into several factors.
Experiment 1 consists of generating a random tree with 10 binary variables
and then computing the factorization degree for each one of the variables
and decomposing the tree for the given variable. Then, we measure, using
the obtained factorization, the log-likelihood of a test data set sampled from
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Fig. 5 Results of the experiments carried out.

the original tree. This process is repeated 10 times for different random trees.
The obtained results can be seen in Fig. bl (a).

In experiment 2, we decompose a random tree with 10 binary variables into
as many factors as variables it has. Initially, we get the variable with highest
factorization degree for the original tree, and decompose it with respect to
that variable using Algorithm [[I Then we repeat the same process with the
resulting factors, as long as they contain more than one variable, until no
more factors can be decomposed. We annotate the log-likelihood of a test
data set sampled from the original tree together with the number of variables
in the largest remaining factor. Again, the process is repeated 10 times for
different random trees. The results are displayed in the box plot in Fig. Bl(b).

The results of experiment 1 support the idea that the factorization degree
of the variable with respect to which the decomposition is carried out actually
influences the quality of the decomposed model, in the sense that higher
factorization degrees result in models with higher likelihood (see Fig. Bl(a)).
This fact suggests that the factorization degree could be used as a means for
deciding which is the best variable with respect to which a potential should
be split. This can be taken into account when designing specific approximate
inference algorithms that deal with factorized representations of potentials
as, for instance, RPTs. Experiment 2 shows how the factorization degree
can also be used to decompose a potential into several factors, by dividing
the potential with respect to the variable with higher factorization degree in
each step. The decomposition process could be continued until a significant
variation in the likelihood of the resulting model happens.

5 Conclusions

In this paper we have introduced a new and fast procedure for factorizing
probability trees. An important feature of the proposed algorithm is related
to its capability for obtaining optimal decompositions for trees hiding pro-
portionality. Therefore, the resulting decompositions are the most compact
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ones. We have also shown that the decomposition can be carried out even
if the tree does not really contain proportional subtrees, in which case the
obtained factorization will be approximate. In order to deal with the degree
of approximation of the possible factorizations of a potential, we have intro-
duced a measure called the factorization degree, that ranks the variables in
the domain of a potential according to the accuracy of the decompositions
that they induce. The computation of such measure is fast enough as to be
included in any inference algorithm, where computing time is a crucial issue.

The experimental evaluation shows that the methodology developed in this
paper can be useful in the design of new inference algorithms that can handle
decomposed representations of potentials. Also, it can be used as a tool for
learning RPT's or, more precisely, learning parts of a RPT that corresponds to
list nodes, and therefore could be a part of a more general learning algorithm
for RPTs able to capture all the regularities that a RPT can represent, as for
instance, context specific independencies.

Acknowledgements. This work has been supported by the Spanish Ministry
of Science and Innovation, under projects TIN2007-67418-C03-02,03, by EFRD
(FEDER) funds and the FPI scholarship programme (BES-2008-002049).

References

1. Boutilier, C., Friedman, N., Goldszmidt, M., Koller, D.: Context-specific inde-
pendence in Bayesian networks. In: Horvitz, E., Jensen, F. (eds.) Proceedings of
the 12th Conference on Uncertainty in Artificial Intelligence, UAI 1996, Port-
land, Oregon, pp. 115-123. Morgan Kaufmann, San Francisco (1996)

2. Cano, A., Gémez-Olmedo, M., Moral, S., Pérez-Ariza, C.: Recursive probability
trees for Bayesian networks. In: Proceedings of the XIII Conference of the Span-
ish Association for Artificial Intelligence, CAEPIA 2009, Sevilla, Spain (2009)

3. Cano, A., Moral, S.: Propagacién exacta y aproximada con arboles de prob-
abilidad. In: Actas de la VII Conferencia de la Asociacién Espafola para la
Inteligencia Artificial, CAEPIA 1997, Mélaga, Spain, pp. 635-644 (1997)

4. Cano, A., Moral, S., Salmerén, A.: Lazy evaluation in Penniless propagation over
join trees. Networks 39, 175-185 (2002)

5. Kullback, S., Leibler, R.: On information and sufficiency. Ann. Math. Statist. 22,
76-86 (1951)

6. Madsen, A., Jensen, F.: Lazy propagation: a junction tree inference algorithm
based on lazy evaluation. Artificial Intelligence 113, 203-245 (1999)

7. Martinez, 1., Moral, S., Rodriguez, C., Salmerén, A.: Factorisation of probabil-
ity trees and its application to inference in Bayesian networks. In: Gamez, J.,
Salmerén, A. (eds.) Proceedings of the First European Workshop on Probabilis-
tic Graphical Models, PGM 2002, Cuenca, Spain, pp. 127-134 (2002)

8. Martinez, 1., Moral, S., Rodriguez, C., Salmerén, A.: Approximate factorisation
of probability trees. In: Godo, L. (ed.) ECSQARU 2005. LNCS (LNATI), vol. 3571,
pp. 51-62. Springer, Heidelberg (2005)



	Fast Factorization of Probability Trees and Its Application to Recursive Trees Learning
	Introduction
	Recursive Probability Trees
	Algorithm for Quick Probability Trees Decomposition
	Exact Decomposition
	Approximate Decomposition

	Experimental Evaluation
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




