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On the Relationship between Dependence
Tree Classification Error and Bayes Error Rate
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Abstract—Wong and Poon [1] showed that Chow and Liu's tree
dependence approximation can be derived by minimizing an upper bound of
the Bayes error rate. Wong and Poon’s result was obtained by expanding
the conditional entropy H(w|X). We derive the correct expansion of H(w|X)
and present its implication.

Index Terms—Bayes error rate, entropy, mutual information, classification,
dependence tree approximation.
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1 INTRODUCTION

CHOW and Liu [2] introduced dependence trees to approximate
nth order discrete probability distributions using a product of
(X,
dimensional discrete random feature vector. Let W = {wy, -

second-order distributions. Let X = X,) denote an n-

7wT}
be a discrete random variable whose values are the class labels. Let
P(z|w) be the conditional distribution of X given W, where z =
(x17 e
Chow and Liu’s dependence tree approximation, the probability

, ) is a value of the feature vector X and wis a value of W.In
distribution P(z|w) is approximated by P(z|w) as

P(x|w) I|(«U HP xm,|xmj()7w)7 0 S .](7’) <1

1)
where (my, -
1,2,
variable x,,, is conditioned on at most one variable z,,,

,my,) is an unknown permutation of integers
s, P, | T, w) is a component probability in which each
and the
component probability of the form P(z;|z,w) is by definition equal
to P(z;|w). The unknown permutation is obtained using Kruskal’s
algorithm [3], which finds the spanning tree with maximum
pairwise mutual information between the features. To perform
dependence tree classification, the Bayes decision rule is used and
the state-conditional probability distribution “P(X|w)” in the Bayes
decision rule is estimated using the dependence tree approxima-
tion in (1). For notational simplicity, we will hereafter omit the
subscript m of each variable and represent, for example, x,,, as ;.

Note that the dependence tree approximation, defined as (1) in
Wong and Poon’s paper [1], is incorrect. By Wong and Poon’s
equation, the approximation becomes an invalid probability
distribution because the right-hand side of the equation does not
sum to 1 over all values of z and w.

Hellman and Raviv [4] proved that an upper bound on the
Bayes error rate “o.” is § H(w|X), where H(w|X) is the conditional
entropy of class w given the n-dimensional feature vector X. Wong
and Poon, in [1], extended Hellman and Raviv’s result (see [6] for
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tighter bounds on the Bayes error rate) and showed that, under
certain assumptions, Chow and Liu’s dependence tree approxima-
tion procedure can be derived by minimizing the upper bound of
the Bayes error rate. Wong and Poon’s result comes from (5) in
their paper [1], which expands the entropy function H(w|X) and
replaces P(z|w) with probability distribution P(z|w) using the
dependence tree approximation. The equation appeared as

_Z P(‘“)ZL«JUQ X](z))
Z HW(XT)v

H(w|X) = H(w) —

Y )

where
ZPw)logP( ZP )log P(x
P(;gi, Tj(5)lw)
L(Xi, Xj0) = Y Plai,250)|w) log5— 22—~ and
( () ;) ( (i) P(xi\W)P(CUj(iﬂw)
Hy(Xi) ==Y P(ailw)log P(wilw).

T

2 CORRECTION AND ITS IMPLICATION

The correct expansion of the conditional entropy function H(w|X)

is derived in Appendix A and is given as

H(w|X) = Hw) — > Pw)

+> Pw) Z Hy(X,).
w i=1

Equation (3) corrects (2) by reversing the sign of the term

3 Pw) 3o Ho(X,

;). Though this correction appears to be a minor
issue, it invalidates the misleading idea purported by (2) that every

L(Xi, X))

i=1, j(i)#0 3)

component probability in the dependence tree approximation
decreases the value of H(w|X), thereby reducing the upper bound
on the Bayes error rate. The corrected equation (3) and, more explicitly,
the expansions (9) and (10) from the derivation in Appendix A show
that each component probability in the dependence tree approx-
imation, whether in the form of P(z;|x;u),w), j() # 0, or P(x;]zo,w),

adds )~ P(w)H,(
toward decreasing the upper bound on Bayes error rate. Therefore,

X;) to H(w|X) and does not necessarily contribute

caution is advised when selecting component probabilities for

dependence tree approximation.

Below, we give two conditions to guarantee that every
component probability in the dependence tree approximation
decreases the value of H(w|X), thereby decreasing the upper
bound on the Bayes error rate.

Condition 1. In a dependence tree approximation, for each component
probability of the form P(x;|xj;),w), (i) # 0, >, P(w)L.(Xi, Xja)
should be greater than "  P(w)H,(X;).

Condition 1 follows from expansion (10) in Appendix A and
concerns component probabilities of the form P(x;|z;(;),w), j(i) # 0,
in the dependence tree approximation. We explain Condition 1 with
an example. Let X = (X, X», X3) be a three-dimensional discrete
random feature vector. Let P(X;|w)P(X>|X;,w)P(X3|w) be the
dependence tree approximation of P(X|w). In this dependence tree
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approximation, there is one component probability of the form
P(X,|X1,w). Expansion (9) shows that each
component probability of the form P(x;|z;;),w) adds 3, P(w)

H,(X;) to H(w|X). Therefore, P(X2|X;,w) adds 3", P(w)H,(X2) to
H(w|X). However, if 3 P(w)I, (X2, X)) is greater than 3 P(w)
H,(X5), then, from expansion (9), we see that the presence of

P(xi|zjp,w), ie.,

component probability P(X,|X;,w) in the dependence tree approx-
imation decreases the value of H(w|X), thereby decreasing the
bound on the Bayes error rate.

Condition 2. In a dependence tree approximation, for each component
probability of the form P(z;|zy,w), 0 <i<n, there must be a
nonempty set l;, |l;| <n, of component probabilities of the form
P(zs]zi,w), 0 <s<mn, so that > P(w)Y  I,(Xs, X;) is greater
than 3" P(w)H,(X;).

Condition 2 follows from (10) in Appendix A and concerns
component probabilities of the form P(xz;|zp,w). We explain
(X1, X2, X3, X4) be a four-
dimensional discrete random feature vector. Let P(X;|w)
P(X5| X1, w)P(X3|X1,w)P(X4|lw) be the dependence tree approxi-
mation of P(X|w). In this dependence tree (or, more precisely,

Condition 2 with an example. Let X =

dependence forest) approximation, there are two component
probabilities of the form P(z;|zy,w), i.e.,, P(Xi|lw) and P(X4lw).
Equation (10) shows that P(X;|w) and P(X4|w) add Y, P(w)H.,(X1)
and > P(w)H,(X4) to H(w|X). Now, consider the component
probability P(X;|w). From Condition 2, I; contains all of the
component probabilities conditioned on X3, i.e., i; = {P(X5| X1, w),
P(Xs|X1,w)}b If 32, P(w)[L(X2, X1) + Lo(X5, X0)] > 32, P(w)H

(X1), then from (10), we see that the presence of the variable X,
decreases H(w|X), thereby decreasing the upper bound on the Bayes
error rate. However, the component probability P(X4|w) does not
satisfy Condition 2 because l, is an empty set. Therefore, the presence
of P(X,|w) certainly increases H(w|X), thereby increasing the upper
bound on the Bayes error rate. Consequently, the variable X, may be
omitted when approximating P(X|w).

To conclude, we correct an important equation that relates
dependence tree classification error to Bayes error rate and present
its implication on the selection of component probabilities for
dependence tree approximation.

APPENDIX A

DERIVATION RELATING BAYES ERROR RATE TO
DEPENDENCE TREE CLASSIFICATION ERROR

It is known that

H(w|X) = H(w) — I(X,w). (4)

Using the definition of mutual information [5], I(X, w) in (4) can be

expanded as

H(w|X)=H(w) — Z P(z,w)log P(z,w)

Tw

+ZP1w ) log P(z +ZPrwlogP(w)

By the definition of entropy, >, , P(z,w)log P(z) = 3_, P(z)log
P(z) =—H(X) and
Z P(z,w)log P(w Z P(w)log P(w) = —H(w).
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Therefore, (5) can be written as

H(w|X) = —H(X) =Y P(z,w)log P(z,w)

—ZP ZPx|w log(P

Using dependence tree approximation in (1), log(P(z|w)P(w)) in (6)
is replaced by log(P(z|w)P(w)) so that

-3 P@ Y Plak)

D log Plwilaj), ), 0 < j(i) < i
i=1

6
(z|w) P(w)). ©

Hw|X)=-H(X)+ H(w

= —H(X) + H(u)) - ZP(VJ) ZP(I‘W) Z log P(;| () w) (7)
w z i=1, j(i)#0
Term I
- Z P(w) Z P(z|w) Z log P (il (;),w) -

i=1, j(i)=0

Term II

Term I (sign included) in (7) contains the component probabil-
j() < i and j(i) # 0. Term II (sign

included) contains the remaining component probabilities of the

ities of the form P(xz;|z;),w),

form P(z;|z¢,w) = P

=D P Plel)
=2 P} Plalw)

Since P(x;,zj;)|w) and P(z;]w) are components (marginal distribu-
tions) of P(z|w), we know that

(zi|w). Term I can be expanded as

> (loptal )
#0

50 P(zilw) P(x ) lw)

Z log P(z;|w).

i=1, j(i)#0

P2, i) |w)
P(z|w)log —— T 70—
Zx: P(xi|W)P(Ij(i)‘W)
P(z;, 1) |lw)
P(xi,x log———— =" _ and
Z (0 a0k 108 B o) Py o) ™

Z P(z|w)log P(z;|w) = ZP(CLL‘UJ) log P(z;|w).

Therefore, the expansion in (8) can be rewritten as
n n

—ZP(w) Xj) +ZP

Expansion (9) shows that each component probability of the form
P(x;|zj0),w), j(i) #0, adds Y, P(w)H,(X;) to H(w|X). Now,
consider Term II in (7). Let there be K component probabilities
of the form P(x;|z¢,w) =

H,(X3). (9)

=L, j(z‘)#o i=1, 3(1)£0

P(z;lw). Then, Term II can be written as
K

- Z P(w) Z P(x|w) Z log P(i|w) =

- ZP w)ZZP z;|w) log P(z;|w) =

i=1

(10)

K
D PW)) HuX
w i=1

where K > 1 and K <n from the definition of dependence tree
approximation in (1). Equation (10) shows that each component
probability of the form P(z;|z,w) adds 3, P(w)H,(X;) to H(w|X).
By substituting (9) and (10) for Term I and Term II, respectively, (7)

becomes
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n

Hw|X)=Hw) —H(X) =) Pw) Y LXiX;)

i=1, j(i)#0
+Y Pw)> ] Hy(X)).
w i=1

ACKNOWLEDGMENTS

The authors thank all of the reviewers for their critical comments,
which significantly improved the paper. In particular, the authors
thank Reviewer 1 and Reviewer 3 for insightful comments on (1)
and the derivation.

REFERENCES

(1]

(2]

(3]

(3]
(o]

S.K.M. Wong and F.C.S. Poon, “Comments on Approximating Discrete
Probability Distributions with Dependence Trees,” IEEE Trans. Pattern
Analysis and Machine Intelligence, vol. 11, no. 3, pp. 333-335, Mar. 1989.
C.XK. Chow and C.N. Liu, “Approximating Discrete Probability Distribu-
tions with Dependence Trees,” IEEE Trans. Information Theory, vol. 14,
pp. 462-467, May 1968.

J.B. Kruskal Jr., “On the Shortest Spanning Subtree of a Graph and the
Travelling Saleman Problem,” Proc. Conf. Am. Math. Soc., vol. 7, pp. 48-50,
1956.

M.E. Hellman and J. Raviv, “Probability of Error, Equivocation, and the
Chernoff Bound,” IEEE Trans. Information Theory, vol. 16, pp. 368-372, May
1970.

TM. Cover and J.A. Thomas, Elements of Information Theory. Wiley
Interscience, 1991.

H. Avi-ltzhak and T. Diep, “Arbitrarily Tight Upper and Lower Bounds on
the Bayesian Probability of Error,” IEEE Trans. Pattern Analysis and Machine
Intelligence, vol. 18, no. 1, pp. 89-91, Jan. 1996.

> For more information on this or any other computing topic, please visit our
Digital Library at www.computer.org/publications/dlib.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /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 (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


