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ABSTRACT. In estimating the population mean of the objective variable y using the

regression estimator with auxiliary variables x;, x,, ---, x »» this paper shows that the
variance of regression estimator can be minimized by suitable selection of auxiliary
variables.

KEy WoRDs: Regression; variable selection.

1. Introduction.

Problems of variable selection in prediction using regression analysis have been
studied in the last several years ([1]-{4]), but those in regression estimation have
not yet dealt with thoroughly.

This article shows an optimum procedure for selecting auxiliary variables among
X1, X2, ' **, X, S0 that the variance of regression estimator of the mean of objective
variable y may be minimized.

The essential point of our method lies in solving the following contradiction: If a
larger number of auxiliary variables are taken in, the regression model may become
more accurate, but the estimation error may become larger, or vice versa.

Thus one may expect to find the optimum selection of auxiliary variables
which minimizes the variance of regression estimator. Such procedures are stated in
Sections 2 and 3 in both cases where the mean vector p of auxiliary variables x =
(%1, X3, -, x,)" is known or unknown (estimated), and two examples are shown
in Section 4.

2. In the case where u is known

In this section let us assume the followingS'
Al) The p-variate auxiliary x=(x,, x,, * * -, x »)' and the objective y have the
joint density function f(x,y) with mean vector (i, y,)' and covariance matrix

z "
('7 Goo where 3, n and gy, denote the covariance matrix of x, cov(x, y) and

variance of y respectively.
A2) The mean vector u of x is known.
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A3) The regression of y on any subset of variables (x;,, x;,, * - *, x;,) selected
from {x,, x,, -, x,} is linear, i.e.

(2.1) Y= Biwpo+ BiwnXi, + BickzXi, + * * * + BigXin + Eigo 5

where subscript i(k) denotes a subset of k indices (i, i, - - -, i) selected from the
integer set {1, 2, - - -, p}.

" A4) The conditional expectation and variance, given x;u,=(X;,, X;,, * * *» X;,), of
error term g, are given by

2.2) E {ei(k) | xi(k)} =0 and V(si(k) | xi(k)) = 0%(1:) =0go(1 — P(2> . i(k))

where p, ;4 denotes the multiple correlation coefficient between y and x,g,.

Further let us consider that » independent observations {(x;, X3j, ***, Xpj V)
j=1,2, -+, n}, distributed according to the same density f(x, y) mentioned in Al,
have been obtained, based on which the least squares estimator ﬁi(,‘) of Biwy=Bity»
Biwzs * > Bia)' given in [2.1) may be obtained by

(2-3) ﬁi(k) =S i?kl)ﬁi(h) ’

where S, and 7, are given by

1 2 _ )
Sig= n '21 (Xigys — Xic) Xy — xi(k,)‘ ,
j=
1 n
Miwy =" 121 iy — Figp)¥i— ) »
xi(").i,=(xi11" Xiyjp """ xikj)' ’ (]= 1,2, -, n)
_ 1 &2 1o
Xigy="— 2, Xigoj > y=—2 ¥;.
n =1 ni=h

Then it is easily proved that f,, is conditionally unbiased for B, given X4y,
Xigy2z> * s Xigym and its conditional covariance matrix is given by

2.9 V(ﬁi(k) | Xito1s Xiky2> ~ " s xi(k)n)= a%(k)S i?kl)/ n,

under assumptions A3 and A4.
Now let us define the regression estimator fi,,, of the mean p, of objective
variable y:

(25 ) laOi(k) =.}7 - ("E itk) — .ui(k))tﬁ i(k)
for each selection i(k).
Then it can be shown that fi,, is conditionally unbiased for p, given x;4;, Xix)2»
"+, X;9n and its conditional variance is given by

2

~ g; _ i
(2.6) V(ﬂOi(k) | Xigy1s ~ " s xi(k)n) =“—r:k) [1+ (xi(k) - »u'i(k))ts i(k%(xi(k) - I»‘i(k))]
considering
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Taking the expectation of with respect to x;,,’s we can get the variance of
Hoig as

2
o~ 0; _ 1, =
2.7) V(I‘Oi(k)) = —:) [1+E {(xi(k) - ﬂi(k))ts i(k%(xi(k) - ﬂi(k))} 1.

Therefore the optimal selection of auxiliary variables may be defined by the set
of indices *(k*)=(i,*, i,*, ---, i%) such that the variance V(iloiqy) of regression
estimator [y, takes its minimum value when i(k) =i*(k*). Such optimal selection,
however, could not be found in practical situation, because the right hand side of
m (2.7) does depend on some population parameters. So we will try to get estimates

i*(k*) of i*(k*) using unbiased estimators of V(fipix)) based on the sample in two
cases as follows.

(I) General Case
An unbiased estimator V4, of V(f,) is given by
A2

N 61
(2.8) V= ';"’

g — Hig)) S i?k%(xi(k) — Mg} »
where 6%, denotes an unbiased estimator of 0%y given by

O‘:l'z(k):":lﬁyu(ln_Qk)y’s yl=(y1_f’ T y"_}j)t,
(2.9)
Ox= i(k)(X E(k)X i(k))_ X :(k) > X; i(k) =(xx(k)1 —Xigky " s Xigon _gi(k))t
An estimator ; *(k*) of i*(k*) may be found such that v, ik takes its minimum value
when i(k)=i*(k*), which is found to show fairly nice property in our simulation
experiments in Section 4.

(II) - Normal Case

Let us assume x=(x,, x,, - * -, x,,) is normally distributed with mean vector u
and covariance matrix Y. '

As is well known, the statistic (n—1)(X;a)— Big)'S i0(Kigy — Higo) is distributed
according to the Hotelling’s 72 distribution and its expectation is equal to
(n—1)k/(n—k—2). Therefore the right hand side of reduces to
(n—2)0%;,/n(n—k—2), and an unbiased estimator 172,-(k) of V(fiy;q) is given by

~ n-2
(2.10) Vaiwy= m Gl »
where 6%, is given by (2.9). )

Then an estimator 5,*(k*) of i*(k*) may be found such that Vo takes its
minimum value when i(k) = ,*(k*). It is noted here that #,*(k*) may be applicable to
the case where x=(x,, x,, - - -, X,) is distributed according to a non-normal dis-
tribution function having the same moments as those of the normal one up to some
suitable order, because of the robustness of Hotelling’s T2 statistic (see Appendix A).
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3. In the case where u is unknown (estimated)

In the case where the mean vector u of auxiliary variables x =(xy, x,, - * *, x,)' is
unknown, the first sample {(x;, y;), j=1,2, - -, N} of size N should be taken from
the population based on which an unbiased estimator fi, of 4, may be constructed
at the first stage, and then the second sample {(x;), y));j=1,2, * * -, n} is taken from
the first sample without replacement based on which an estimator ﬁi(k) of the
regression coefficient vector f;,, and a regression estimator Ho Of Ho, the population
mean of y, are constructed in the second stage as follows. (It is noted here that
observations on x or y should be made at the first or the second stage respectively.) In
the following let us assume Al, A3 and A4 in Section 2.

An unbiased estimator f;,, of y, is defined based on the first sample by

(3.1) Higy= N j;l Xikyj »

where x;g;=(x;, ;s Xipp "> X )sJ=1,2, =+, Nyand i(k) =iy, iy, -+, ). In the same
way as in an estimator /?i(k) of B4 based on the second sample is defined by
(3.2) Bi(k) =S i -

Combining and the regression estimator i, of 4, is constructed such
that '

(3-3) ﬁOi(k) =y— (fi(k) - ﬁi(k))tﬁi(k) s
where
1 n

1 n
y=—2 Y Xig) = 2. XiGy) »
n =1 ni=1
Xigg(h =Xisijp Xy * " X' s J=12, 000, m.

The regression estimator [y, just defined above is easily shown to be unbiased
for u,, and its variance V(i) is given, after some calculations, by

1 - A — — A 1
(34 V(ﬁOi(k)) = "y g iz(k)[l +E {(xi(k) - /’li(k))tS i(k%(xi(k) - ﬂi(k))}] + N ﬂ:’(k)z i(k)ﬂi(k)
1 N—-n\*>__ _ s
= s o iz(k)l:l + <_N_) E {(xi(k) - #i(k))tS i(k%(xi(k) - ﬂi(k))

_ - 1
+(zi(k)_“i(k))ts i(k}(zi(k)—ui(k))}] + N Bi(k)zi(k)ﬂi(k) :

where 0%, =000(1—p}.ix)> Goo=V(), Po.iey is the multiple correlation
coefficient between y and x4, S;, is the sample covariance matrix of x;y), and Z;, =
(Nfiygy— n%;49)/(N —n) (Appendix B). The last term in the right-hand side of (3.4) may
be negligible if the first sample size N is sufficiently large.
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In the case where x,,, is normally distributed with mean vector Mgy and
covarience matrix ), (3.4) reduces to

1 k (N—n\? n 1
(3.5  Whoiw) =0 iz(k)l:l R — 2( N ) (1 +ﬁ_—n):| +'ﬁﬁ§(k)z idoBig -

From (3.4) and (3.5) unbiased estimators of V(lioiy) are given by

5 1 A - A - - A 1 A A
(3.6) Viigy= "y o i2(k)[1 + (Xigo — Bigy)'S i(k%(xi(k) — ligy)] + N (Goo—6 iz(k))
in the general case, and by
1 k n ., R
(3.7) ) v4i(k)=7 O'lz(k)lil +n——k—2(1 _W>]+N(O'oo - diz(k))

in the normal case, respectively, where

R 12 _ 1
0'00=_Z ()’(j)—)7)2, y=_z Yo
nj_—_l nj=1

and 6%, is an unbiased estimator of %, based on the second sample as defined in
(2.9).

Then estimators i3*(k*) or i, *(k*) of i*(k*) may be found such that 173,-(,‘) or I74i(k)
are minimized respectively. As noted in Section 2, {,*(k) may be applicable to the
non-normal case where x;,’s have the same moments as those of the normal
(statures) of 82 male students in some junior high school.

4. Examples

Two examples in case of simple random sampling are shown below under the
assumption that x=(x,, x,, - -, X,)' is a p-variate normal random vector (exactly or
approximately).

The 1st example is quite artificial one in which interesting results are obtained on
multicollinearity. The 2nd example is based on actual measurement data on heights
(statures) of 82 male students in some junior high school.

Example 1.

Let us assume (y, x,, - -+, x,) is distributed exactly according to the (p+ 1)-
variate normal distribution with mean vector (y, 4, * * -, 4,) and covariance matrix
2. where V()= V(x;)=040, Cov(y, X;) = PoGoo, Cov (x;, X))=pooo, (i, j=1,2, -+, m;
i#J)). Then it is easily shown that the variance V(i) of the regression estima-
tor fy,q given in is obtained as

(n—2)oy,o <1_ kpo®
nin—k—2) 1+(k—-1)p

The optimum number k* of variable selection are obtained by minimizing
V(foiw), i.€. calculating

(4-1) V(ﬁo.'(k))= ), k=0, 1, D.
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@2) 0.0 =— (1+—’i”—°2—) k=01, -
' 9= k=2 \" T 1+(k=1)p)’ =%L P
for n=10, 25, 50, 75, 100, 200, 1000; p,= —0.9(0.1)0.9; p=0.0(0.1)0.9. Table 1
shows the optimum number k*’s for p,=0.3 and p,=0.5. (p=35)

Looking at Table 1, we can easily see that the effect of multicollinearity appears
remarkably for small n even though p is fairly low, and that it appears quite a little
for larger n even though p is fairly high.

Table 1. Optimum number k* (p=35)

n

Po p
10 25 50 75 100 200 1000
0.1 0 5 5 5 5 5 5
0.3 0 2 4 5 5 5 5
0.3 0.5 0 1 2 3 3 5 5
0.7 0 1 1 2 2 3 5
0.9 0 1 1 1 1 2 3
0.1 5 5 5 5 S 5 5
0.3 2 5 5 5 5 5 5
0.5 0.5 1 3 5 5 5 5 5
0.7 1 2 3 4 4 5 5
0.9 1 1 1 2 2 3 5
Example 2.

Let us apply our method to the regression estimation of the mean g, of height y,
in the population of 82 male students of the first grade in 1977 at some junior
high school, with auxiliary variables x,, x,, - - -, X5, where x; denotes the height when
they were in the ith grade at their elementary schools.

We made simulation experiments in the following way:

1) Take a sample of size n with replacement from the population repeatedly 100

times, so that 100 sets of samples are obtained for each n=10, 20, 30, 40, 50.

2) Compute the regression estimate fy;u, and its variance estimates Vi(k,l and
Vz,(k) for all possible selectlon sets i(k)’s of indices.

3) Count frequencxes fi, fo» 1*(k*) minimizing Vl,(k) or Vz,(k), and calculate the
mean values of Vl,(k) and Vz,(k) with respect to 100 sets of samples which give
approximate values to V(fy;s) in general case and in normal case
respectively.

4) Calculate the mean square errors of regress1on estimator figsqe in both cases
where i*(k*) is obtained by minimizing Vl,(k, or V21(k)

The results are summarized as follows.

a) Optlmally selected sets of variables: {xs} for n=10, 20, 30, using both
Vi and Vs {Xa Xs} for n=40, 50, using both Vh(k) and V-
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b) Mean square errors.

Table 2. Results by simulation

n MSE by Vi MSE by V4, Vo)
(cm?) (cm?) (cm?)
10 1.5767 2.0438 7.7867
20 0.5835 0.6064 3.7224
30 0.3049 0.3311 2.4228
40 0.2272 0.2467 1.8191
50 0.1630 0.1917 1.4692

(Note): V() denotes the estimated variance of the sample mean j (in case no auxiliary variable is
used).

5. Discussion

In this article the method for optimum selection of auxiliary variables in
regression estimation is stated from the standpoint of multivariate analysis in the
infinite population.

However it must be interesting and important to treat the same problem from
the other standpoint of sampling theory in the finite population with “‘super-
population model” as found in [7], which we are going to study in the near future.

Acknowledgement. The authors express their hearty thanks to the referee for his
comments, and to Misses A. Inako and K. Kaneda for preparing typescript.
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Appendix A. Hotelling’s 7,2 statistic has the Taylor expansion up to the rth
degree as follows:

T,,2=n(f—u)'(n—f—IS)_ (%= 1)

c ) __n . __n

=n(x—y){1p+<lp n—1S>+ (I — IS)
n_l r+1

S (LI T

where I, denotes the unit matrix of order p. It is noted here that x=(x;’ - - -, x,)' may
be supposed to have the zero mean and the unit covariance matrix without loss of
generality by considering the transformation z=3""(x— p).

Assume that x has the same moments as those of the p-variate normal
distribution with zero mean and unit covariance matrix up to the sixth order, then the
expectation of T, is approximated by using the above expansion as in the followmg
(in case r=2):

p+1

E{sz}'=.p{1+—+ ~ (4p 2—5p+3) (2p2-—13p+9)}.

1
n*(n—1)
This result is identical to’the exact expectation of T, up to the order of o(n~h).
Indeed, E{T,?} is represented as

pr = (12 s i L e e

n—p

In case r=4, the same approximation of E{T,?} as above is expected to be
identical to the exact E{T,*} up to the order of O(n~?), as examined correctly as such
when p=1.

Appendix B. Let us denote the first and second samples by {({;, n); j=1,2
-, N} and {(x,, y); =1, 2, - - -, n} respectively, where the latter is drawn from the
former equally without replacement. Further denote the sample means of the 1st and
2nd sample by (&, 7) and (%, y) respectively. (In this appendix the suffix i(k) expressing
variable selection will be omitted for simplification.)
Taking the conditional expectation of the regression estimator [, defined by
(33), given £=(¢&,, &, - -, &), we can get easily

-1 ()
E{ﬁow}:(?{) ZE{Y(v) (x(v)“f)ﬁ(vﬂf} I‘o'*'(E we,

v=1

and then

E {ﬁo} =Ho »
noting that
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(3) sso=1. (3) Tro=e.

and E{ﬁm | £} =B, where the suffix (v) denotes the 2nd sample in the vth order taken
from the 1st sample.
Then the variance of fi, is obtained as

(B.1) V(fio)=V(E{fIo | N+ E{V(fio | O)} -
The 1st and 2nd terms of the right-hand side of (B.1) is easily

(®2) Vit +E— 0P =5 BB,
and
o? N\!
8y sao)=2 1) B850~}

0.2

7[1+<1——1\7) E{x—wS {(Xx—pw+(E@—-pS™(z- #)}]

where z=(NE —nx)/(N—n). Substituting (B.2) and (B.3) into (B.1) we can get 3.4).
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