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FEATURE SELECTION VIA AN UPPER BOUND (TO ANY

DEGREE TIGHTNESS) ON PROBABILITY OF MISCLASSIFICATION

Cecil R. Hallum
Loyola University, New Orleans, Louisiana

I. ABSTRACT

Currently, many techniques exist for feature
selection purposes which are related but, unfortunate-
ly, in an indeterminable way to the probability of
misclassification. In this paper a procedure is pre-
sented which yields an upper bound (to any degree
tightness) on the probability of misclassification in
sample Gaussian maximum likelihood classification be-
tween each pair of categories in p-dimensional space.
The technique permits features to be selected so that
the optimal q (g < p) features have the property that
no other subset of q features yield a smaller value to
the upper bound on the probability of misclassifica-
tion. A computer-assessible transformation is uti-
lized which permits a multiple integral over the mis-
classification region in p-dimensional space to be
approximated, to any degree of accuracy, by the pro-
duct of p iterated integrals, each over univariate
space, and each of which may be obtained by a simple
table~-look~up procedure. Quite often, transformations
are used without consideration of loss of information;
however, the one utilized in this procedure results in
no loss of information and leaves the standard likeli-
hood ratio invariant in value.

II. INTRODUCTION

There seems to be general agreement among remote sensing community personnel,
and classification theorists in general, that the cost function which has appli-
cable meaning to the user scientist is expected cost of misclassification. Any
procedure, then, which is optimal for feature selection purposes should be one
which minimizes this cost function. A popular (and realistic) assumption in almost
all remote sensing applications is that the costs of misclassifying an individual
from category C. as being from category C., i # j = 1,2,...,m, are equal, in which
case the expectéd cost of misclassificatidn reduces to probability of misclassifi-
cation. Currently, many techniques exist for feature selection purposes (eigen-
value/eigenvector techniques {Chien and Fu, 1968) including factor analysis and
principal components, standard regression techniques, Wilk's scatter technique
(Wilks, 1962), the divergence criterion (Marill and Green, 1963), Sammon's non-
linear mapping (Sammon, 1970), LaMotte-Hocking regression techniques (LaMotte and
Hocking, 1970), the Battacharyya distance measure (Kailath, 1967), the Matusita
distance (Matusita, 1966), the concept of equivocation (Babu, 1972), and others,
including trial-and-error approaches with sets of features with varied composi-
tion) which are related but, unfortunately, in an indeterminable way to the prob-
ability of misclassification. In this paper a procedure is presented wh%ch yie}ds
an upper bound (to any degree desired tightness) on the probability of"misclassi-
fication in sample Gaussian maximum likelihood classification between each pair of
categories in p-dimensional space. The technique permits features to be selected
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between pairs of c¢ategories so that the optimal g (g < p) features have the pro-
perty that no other subset of g features yields a smaller value to the upper bound
on the probability of misclassification. A simple, computer-assessible transforma-
tion is utilized which permits a multiple integral over the misclassification
region in p-dimensional space to be approximated, to any degree of accuracy, by

the product of p iterated integrals, each over univariate space, and each of which
may be obtained by a simple table-look-up procedure. The utility of this trans-
formation in the classification processing phase of pattern recognition recently
appeared in the literature (Minter and Hallum, 1972) and, unlike many transforma-
tions which are used without consideration of loss of information, the one utilized
herein results in no loss of information and leaves the standard likelihood ratio
invariant in value. )

IITI. TRANSFORMATION TO AN EQUIVALENT PATTERN
RECOGNITION SPACE

Let C, and C. be two categories (i # j) which have the Gaussian distribution
with respec%ive densities

_ 1 _ N (D § e
. P(chi) = (2n)p/2|ﬁ.]1/2“xp{ 1/2(x Ui) M, (x Ui)} (1)
3 )
and
_ 1 _ _ § To-1 _n
P(Xicj) = exp{-1/2(X Uj) Mj (x Uj)} (2)

e 725 17

Py

where Ui and U. are the respective sample means, M; and M. are the sample variange-
covariafice mattices. Transforming to a new space %y the ﬂonsingular transformation
Q, where Q is the matrix with the -property

iy _ . T _
Q MiQ =D ; Q MjQ =1

(D is a diagonal matrix and I the identity matrix), the likelihood ratio (assuming
the classification scheme is Bayes with equal a priori class probabilities and

with cost matrix elements cij =c - céij, where ¢ is a constant and sij is the

Kronecker delta) of P(XICi) to P(X|Cj) takes the form

l P
(2m) P/ 2|, |1/2

exp(-1/2(x - 0T (x = 0))
P(x]C,)

Paley 1 rtr b - b,
JK (zn)p/zlﬁ'll/zﬁxp{ 1/2(X UJ) 3 ( J)}
J

-~

-1

1 exp{~ TN K X SRS S SO
(2")p/2|QTﬂ_Q|1/z~xP{ 1/2(x = U;) 1@ @"M;007) (X - Uy)}
= 1
) -1
1 Ao, T o Ts . -1.-1 -
exptT - Y5 M, X - U,
(211772 oTi. 0| 172 xp{-1/2(X = U5)7 (@7 Q'M;007) 7 ( ;)
3
(3)
1 . _ T, _ ~T% (T =1 T, _ AT/
(2n)p/zlnll/2bxp{ 1/2(Q7% = @700 7@K = @70;) )

1
(2ﬂ)p/2

exp{-1/2(QTx - QTGj)T(QTx - QTGj)}
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1 T -1
exp{~1/2(Z - V)'D ~(2 - V)}
(2r)P/2|p|1/2 £(z]c;)

——75%7575eXP{-1/2(z -wliz - w) f(Zlcj)

where pki(zk) and pkj(zk) are the univariate normal densities

1 2,.2.
P, . (2,) = xp{-1/2(2, - v.)"/d.’} ; (4)
ki 'k (2ﬂ)172dk k k k
_ 1 _ _ 2

In the above, di is the kEB diagonal element of D; Zk’ Vk' and Wk are the kE-11 .
, T T T

coordinates of the vectors Z = (Zl’ Zz,..., Zp) =QX, V= ng, Vz,..., Vp) =

QTUi, and W = (Wl’ wz,..., Wp)T = QTUj, respectively. The utility of the trans-

formation Q in classification processing has already appeared (Minter and Hallum,
1972) in the literature, and it needs be stressed that Q needs be obtained only
once for each pair of categories for a given classification situation (such as a
flight-line for classification). Moreover, observe that the invariance of the
likelihood ratio (note equations (3)) guarantees that pattern classification in the
original and the transformed space is equivalent.

To obtain Q (see Minter and Hallum, 1972), let Q = P_l ~where P is the
Cholesky (Ratishauser, 1966) factorization of M., i.e. M.= P"P where P is upper
triangular, and O is the orthogonal transformation whichjdiagonalizes the symmetric
matrix

-1,

T -1

P MiP
Routines for obtaining P and O have been implemented for some time and are avail-
able via the IBM Scientific Subroutine Package (IBM Corp., 1970) and the Catalog
of Mathematical Routines at NASA/MSC in Houston, Texas.

IV. A FIRST DEGREE APPROXIMATION TO THE
PROBABILITY OF MISCLASSIFICATION

) In both the transformed and the untransformed space, the boundary of the
misclassification region between categories C; and Cj (defined by those points

satisfying P(x|ci)/p(x|cj) = f(z]ci)/f(z|cj) = 1) is always a hyperellipsoid or a

hyper-hyperboloid. In the transformed space, this boundary is specified by the
quadratic equation v
ol%x ~ sz p 2 P 6)
- (z - W) = 1n E d
1

T k
k k=1 k=1
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which is the equation of a central conic whose center is located at the point with

k¥ coordinate (d]2(Wk - Vk)/(di - 1) and whose principal axes are parallel to the

coordinate axes. In the forthcoming development, the center will be utilized to
obtain the smallest hyper-box, with sides parallel to the coordinate axes in the
transformed space, which encloses the region of misclassification., Integration,
then, over the region of misclassification is approximated to "first degree ap-
proximation" (which is sufficient in a large number of cases) by integrating over
this box; moreover, the manner of integration for the total probability of mis-
classification between Ci and Cj is carried out in such a manner that the result-

ing value is always greater than or equal to the probability of misclassification.

The technique for "first degree approximation" for the case of a hyperellip-
soidal region of misclassification is illustrated in Fig. 1 and 2 for two dimen-
sions.. The dashed line in Fig. 1 and 2 denotes the equi-probable line between
C; and Cj (specified by equation (6) with p = 2) and is the boundary of the region
of misclassification. Figure 2 indicates what we would see in Fig. 1 by looking
down on the Zl’ Zz-plane from the y-direction. From Fig. 1 and 2, the probability

of misclassification is given by

P = fRIf(zlci)dzlcalz2 + é{f(zlcj)dzldzz (7)

where R denotes the region outside of R. In general, the determination of the
function to be integrated over R is accomplished by selecting the one having mini-
mum value at the center point CR of R, which is simply the center of the conic

specified by equation (6); the remaining function is integrated over R. As is
well-known, in p-dimensional space the integration in (7) becomes extremely diffi=-
cult, if not impossible , utilizing existing techniques. However, the points

ajis @1, a1, app are easily obtained; in general, for p-dimensional space, a;

and a2j are obtained by putting all Zk' with the exception of Zj' in (6) equal to
the corresponding coordinate of the center Cre and solving the resulting univari-

ate quadratic in Z. for Zz.. Applying the quadratic formula, the resulting two

J J
values of Zj are denoted by alj and a2j and are given by
ajj = Cry = T3 + a5 =Cry +[Ty , 3 =12,000,p (8)
where
2
AW, =V
J)
Cry = > (9)
as -1
J
.th

is the j=— coordinate (j =1,2,...,p) of the center of the conic specified in
equation (6) and

2 2
ds C_. P
_ .2 R 2 2 _ 2,2 2 2
T, = Cpy - _J__z - _31 + B [Che + Vi - d Wy + Indp)l/ap }. (10)
1 - ag| 43 k=1




An upper bound approximation to the first integral in (7) is given by inte=-
grating over the box B, i.e.

/R/f(zlci)dzldz2 = {;,(pli(zl)pZi(zz)dzldz2

321 222
< f Pli‘zl)dzl.f Py; (23142,
a1 212
azy - Vi a1~ Vi) 22~ V2 a2 =V
PR R e w

where F denotes the univariate, cumulative Gaussian distribution function with
mean 0 and variance 1 and whose value may be obtained at the indicated points by
referring to a normal distribution table (which could easily be stored for quick
reference) or by utilizing one of the several efficient techniques which are
available for estimating tail probabilities under the univariate Gaussian distri-
bution curve, Note also that the right hand side of (l1l1) exceeds the true value
of the multiple integral over R by precisely the amount

s

4
kfi }gf(zjci)dzldz2 . (12)
k

However, a portion of this excess is eliminated in determining the total prob-
ability of misclassification between categories ¢, and Cj by noting that the

second integral in (7) may be obtained as follows:
= - . - (13
J‘;_{{f(zicj)dzldz2 1 lp!f(zlcj)dzldz2 (13)

Using the similar approximation as in (11),

a21 a2
lRff(zncj)dzldz2 < (zl)dzlj Py (25)d2,
a11 42
= [F(321 - W) - Flay, - Wl)][F(aZZ - W) - Flag, - Wz)] (14)

and the right-hand side of (14) exceeds the true value by precisely the amount

4
151 {{If(zlcj)dzldz2 . (15)
Tk

However, f(ZlCi) a.f(zlcj) for all Z over the regions Rl' Rz, Ry, and R4, there-
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fore the upper bound estimate to "first degree approximation" of ‘the probability
of misclassification is given by

“ /Bff(zlci)dzldz2 + 1 - {B{f(zlcj)dzldz2

= (JRIf(ZICi)dzlez +1 - éff(zlcj)dzldzz) + €

=P + g (16)

where € is the non-negative quantity which represents the over-estimate of the
probability, P, of misclassification and is given by

€ - = [{aic,) - fiic,az az, . (17)
k=1 R} 1 J 172

The preceding discussion was for the case of a hyperellipsoidal region of
misclassification, however the same discussion applies verbatim as well to the
case of a hyper-hyperboloidal region of misclassification where, for the two-dimen-
sional case, R;,» Ry, Ry, and R, are specified in Fig. 3 and a;; = -g@, aj; =00.

In general, the misclassification region will be hyper-hyperboloidal provided T.< 0

in (10) for at least one value of j =1,2,...,p, in which case, alj = - @ and azj

=00 for each such j.

Utilizing the "first-degree approximation," feature selection is easily im-
plemented by ordering the features as follows: for m,ne,{l,z,...,p}, feature
Zo is preferable to feature Z, provided

[F(;Zﬂ:_zﬂ) - F(;lﬂ_:_ZE)] + 1 —”[F(aZm - W) - Flay, - wm)]
dn dn

(18)

-V a -V
2 n in n
Gy B G | R LSS R R
n n .

After ordering the coordinates in the above manner, denote them by Z(l)' Z(2)""’
Z(p)’ if we want to achieve a probability of misclassification not to exceed a

preset value O, we select the first k ordered coordinates such that

k-1 |
TP, > & (19)
n=1 (M) T
i
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but

NP ¢ « (20)

where

I-P2ty) = V) a1 (n) =~ V(n)
Plhy = [F(—E—T— - F(——-—d———— ] +

(n (n)

L= [F‘az<n> =Wy T F@ygy - W(n))]

p
for n = 1,2,...,p. If 7 P(n)7a then the conclusion is, to the "first-degree
n=1
approximation," there is reason to doubt that it is possible to classify with this
probability of misclassification, We do know, however, that it is possible to
distinguish, using the first k ordered features, between categories Ci and C, with

probability of misclassification not to exceed the value of the left side of (20).

V. AN UPPER BOUND (TO ANY DEGREE TIGHTNESS)
ON PROBABILITY OF MISCLASSIFICATION

The previous section summarizes the approach for a "first~degree approxima-
tion" to the probability of misclassification and provides an upper bound estimate
which, in many instances, will be sufficient, The procedure may be generalized
further to obtain as tight an upper bound on the probability of misclassification
as one chooses, In the following, explicit expressions are given for upper bound
estimates, to any degree of desired tightness, for each of the two possible
regions of misclassification.

A. A HYPERELLIPSOIDAL REGION OF MISCLASSIFICATION

In general, the region of misclassification in p-dimensional space will be
hyperellipsoidal provided .

Tj »> 0 for each j =1,2,...,p, (21)

(or equivalently, if di - 1 is of the same sign for all k = 1,2,...,p) where Tj is

given by equation (10). To aid in following the discussion below, refer to Fig. 4
for the case of two dimensions.

Utilizing the coordinates of the center of the conic of equation (6), incre-
ments along a principal axis can be made and, e.g. in two-dimensional space, the
points

(1) (1) (2) (2) (3) (3) (k) (k) (N-1) (N=-1)
81277 33370 @157 @557 @550 s veeey BnT Aot rener 315 T 35

(e.g., in Fig. 4 N = 6) easily obtained by repeated application of the quadratic
formula. 1In general, if Zyr Zypeess 2o is @ given subset of g features (g € p) of

. (Kyreoorky) y :th
p-dimensional space, the notation aij 9 will be used to represent the i—

of the two jEE coordinate values (lower coordinate value if i = 1, upper value
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if i = 2) of the point on the boundary of the region of misclassification obtained
after moving a distance of klA from a,, to a,,, a distance of k,A from a;; to a,,,

.+s, and a distance of de from a1q to azq. The increment length A might, for

example, be &~ max |a2n - alnl/N' Requiring N to be an even integer in the
n

following will simplify the problem of making certain the region over which inte=-

gration is carried out completely encloses the region of misclassification. For
(k ,...,k )

a particular je{l,z,...,q}, the two values (i.e. for i = 1,2) of a, jl are

obtained by replacing the Zk's in equation (6), with the exception of the jEE

by the coordinates of the point obtained after moving a distance of klA from a

11
toward aj,¢ @ distance of sz from aj, to Aporeses and a distance of kqA from a1q
to a_. , and solving the resulting quadratic in Z, for Z_, using the quadratic for-

29 (kyreodikg) 3 (kyseeaiky)
mula, These two values of ZJ denoted by alj 9" and a23 are given
by
(kl,.--'k)
(kl’noo'k) Vz.—dz(W2+R )
a - c2. - h| (22)
13 R] Rj 2
1 - 4as
J .
(k ,.."k )
(Kyreosrky) vZ - alw? + R, 1 ay
an . P scpe + [fc2, -2 11 . (23)
23 Rj Rj 1 - d%
where

(kypeeersk ) q q .qa,: + k v
R. 1’ "ql ln‘lei - 3 1i i i + (ali + kl _ wl)2]
] k=1 ¥ i%) i )/

(24)

The (N - 1)22 degree upper bound estimate of the probability of misclassification
between categories Ci and Cj is then given by

B
N q n

. 2? 1'\‘} P, (2,042, +
= n=1 A

N
k,ga
=

MMz




N N q
1- T 2 m[re, -wy) -ra, -wy] (25)
k.=1 k =1 n=1
1 q
where, for each n =1,2,...,q,
(ky,e.0,k.) (ki,ece,k +1,...,k) (kyseaork))
_ l’ ’ q ll ’ n ’ 14 q _ l’ ’ q
By = 21 + ok + DA+ (2, 2 I,
and
(Kyseeerk)) (Ky,eee,k +1,...,k.) (kysesark )
_ ll ? q ll ’ n ! 14 q _ l' ’ q
AL = 2 + knA + lay, 21n I,

where I is the indicator function
n

1, if k_ > N/2
I = n .
n 0, if k & N/2

The expression in (25) is the value of the upper bound estimate over a region
which encloses the region of misclassification with the property that the enclos-
ing region squeezes down on the hyperellipsoidal region of misclassification as N
becomes large.

B. A HYPER-HYPERBOLOIDAL REGION OF MISCLASSIFICATION

The region of misclassification in p-dimensional space will be hyper-hyperbo-
loidal provided Tj &£ 0 (of equation (10)) for one or more je{l,z,...,p}, or equi-

valently, provided d2 - 1 is not of the same sign for all k =1,2,...,p. The
procedure for obtaining the upper bound approximation is very similar to that for
the hyperellipsoidal region. The primary difference is that of having to inte-
grate over a region in a negative direction fromka0 and a positive direction from

aé (refer to Fig. 5 for the case of two dimensions). If we let S5 = {j ‘Tj <0}
sth

then the j=— coordinates of a0 and a., denoted by a_ . and a._, respectively, are
given by 0 03 03
a,., if § & S
ag. = 13 ;
J Cpyr if 3 €8
' a,., if j & s
ap; ={ 2j
P e s s
CRj' if j €

where alj' aZj' and Cr4 are given by equations (8) and (9). Moreover, for the

3

hyper-hyperboloidal r?gion of misclassification, for each value of i = 1,2, the
(kiyeeerk) '

quantity a“1 is identical to that of equations (22) and (23) upon replac-
1)

ing CRj by a;j; similarly, replacing CRj by 205 in (22) and (23) and k.4 by -k.4
(klpoto,k ) (kll---lkq)

in expression (24) for Rj q' we obtain aij . For large; N and
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smaller & (N and A are not necessarily related and N may be even or odd for the
hyper~hyperboloidal case), the value of the integration over the enclosing region
becomes a tighter upper bound approximation to the probability of misclassifica-
tion. The explicit expression for this estimate in terms of the cumulative
Gaussian distribution function F, with mean 0 and variance 1, is given by

N N q Bn q Bn
py= E-r F ["I ppi (2,42, + T"f b (2 0dz, | +
= A n=1 A;}

N an an

1 - 2"'2[1ij.(z)dz+T\’jp.(z)dzl
= = = nj)y n n - nj n n
kll kqlnlAr1 nlAro1

=4

ol Bp - Vn) Ap = Vn) g, (5;1 - Vn) (Ar'l - Vn }
mI1F - F Fl™— | - F
l{n=l[ ( dpn ( dn ] * ngl dp dy, )] ¥

where

(k1, L pkq)

AL =21, = kb

(k ooo'k )
a, 1’ a

B, = 3 L D8 ;
(k LN ) k )
. [] _ l' [ 4 q - - .
A =2, (kn na;
(k ,ot.'k )
' 1 q _ .
By = 231 knA y

VI, CONCLUSIONS

For a given set of g features, the procedure presented herein permits the
calculation of as tight an upper bound estimate on the probability of misclassifi-
cation in Gaussian maximum likelihood classification between each pair of cate~
gories as one chooses using these selected features. The original space is trans-
formed to an equivalent pattern recognition space so that all calculations become
univariate calculations, including the integrations., An explicit expression is
given for as tight an upper bound estimate as one chooses in terms of univariate
Gaussian distribution functions which are easily and accurately obtained. The
procedure may be utilized to select the optimal g (g € p) features having the
property that no other subset of g features yield a smaller value to the upper
bound on the probability of misclassification. In particular, beginning with q =
1, the technique may be applied and g increased, if necessary, until the upper
estimate becomes less than some preselected threshold O, where & is the largest
value of the probability of misclassification that can be tolerated in a given
classification situation. From this set, the g features yielding the smallest
value less than Ol is selected.
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The selected features will be those which best discriminate between cate~
gories C; and Cj. It is likely that for a third category, say Cy, those features

which permit best discrimination between categories C; and C, will be different

from those that best discriminate between C; and Cj (and C; and Cy). Therefore,
to achieve the degree of classification accuracy that is hoped for in the near
future in remote sensing, the selection of pairwise categorical features should be

significantly superior to choosing one set of features for all the categories
combined,

As a final consideration, if the a priori class probabilities a; and qj are
known for categories Ci and Cj' respectively, then they may easily be incorporated

into the procedure presented herein by simply replacing

In frd2 by 1n i qra2
n y 1ln =
k=1 X j k=1 ¥

]

throughout. Also, it needs be pointed out that the space in which feature selec-
tion is carried out herein is the same space in which classification processing
by thresholding (see Minter and Hallum, 1972) is accomplished; consequently, the
recommended procedure is to select features utilizing the technique presented
herein and then perform classification processing utilizing the Minter-Hallum
classification procedure.
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Figure 3. A Hyperboloidal Misclassification Region in Two-

q\’N

dimensional Space Between Categories Ci and Cj.
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Figure 4., A Tighter Bound on the Misclassification Region
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Figure 5. A Tighter Bound on the Hyperboloidal
Region of Misclassification
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