D.S.G. POLLOCK: TOPICS IN ECONOMETRICS

SEEMINGLY-UNRELATED REGRESSIONS

The Algebra of the Kronecker Product. Consider the matrix equation ¥ = AX B’
where

Y =[yul;k=1,...,r0l=1,... s,
X =lzylsi=1,....m,j=1,...,n,
@ A=lagil;k=1,...,mi=1,...,m,
B=b;l=1,...,8,j=1,...,n.

The object is to reformulate this matrix equation so that it can be treated as an ordinary
vector equation. Amongst the advantages which this will bring is the possibility of solving
the equation by the methods which are commonly applied in finding the solutions to vector
equations.

Therefore consider writing Y = AX B’ more explicitly as

[y.17y.27 s ay.s] - A[CL'.]_,CL’,Q, s axn][bllv /2.7 C 7b;]

(2)

= [Ax,l, AJJ.Q, ce ,Axln][blll, bIQ, ceey b;]
In this notation, the expression x ; stands for the jth column of the matrix X whilst the no-
tation by, stands for the lth row of B. Therefore the transposed vector b) = [bi1, bia, . . ., b’
is a column vector of n elements—as it must be if the multiplication of the two expressions
on the RHS of (2) is to be properly defined. By performing that multiplication, we find
that

[Y1,Y2,- 95| = [{b11Ax 1 + b12Ax o+ -+ + b1, Az, b,
(3) {b21Ax 1 + b Az o+ -+ - + bap Az}, . ..,

{bs1Ax 1 + b Az o+ -+ b Az, }

Here, each of the expressions on the RHS within braces {, } stands for one of the vectors
Y1,Y2,--.,Ys on the LHS. These LHS vectors may be stacked vertically one below the
other to form a long vector. When the RHS of the equation is rearranged likewise, a system
is derived which takes the form of

Y biiA bi2A ... biA x1

Y.2 ba1 A bapA ... b2 A x .2
(4) N N ; : :

Y.s bslA bs2A <o bsnA Tn

The system can be written is a summary notation as
(5) Y= (AXB)=(B® A)X°".
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Here the long vectors Y ¢ and X¢ are derived simply by slicing the matrices and rearranging
the columns in the manner which we have described. The matrix B ® A = [b;; A], whose

(Ij)th partition contains the matrix b;;A, is described as the Kronecker product of B and
A.

The following rules govern the use of the Kronecker product:

(i) (A® B)(C® D)= AC ® BD,
(i) (A®@B) =A"® B,
(6) (i) A®(B+C)=(A®B)+ (A®C),
(iv) MA®B)=AA®B=A®AB,
)

(v) (A®@B)'=(A"1t®B™1).

The Kronecker product is non-commutative, which is to say that AQ B # B® A. However,
observe that

(7) A®B=(A®I)(I®B)=(I®B)(A®I).

Systems with Multiple Outputs. The typical regression equation describes a system
which transforms k£ observable inputs and a stochastic disturbance into a single output.
We now wish to consider a system which produces M outputs. Consider, therefore, the
equations

[ytlath, .. 7th] = [mt.ﬁ.laxt.ﬁ.Qa e 7$t.5.M] + [5t115t27 e 75tM]

— J/‘t.[ﬂ.laﬁ.Q? e 76]\/[] + [8t17€t27 v 7€tM]~

(8)
Here the generic equation is

9) Ytm = Tt Bom + Etm;

and this has the form of a single regression equation. In a notation which mixes matrices
and vectors, the system under (8) may be written as

(10) Yyr. = . B+ €4,

where B = [3.1,0.2,...,0.m]; and T realisations of the latter may be compiled to give the
equation

(11) Y = XB+E,
or
(12) [y.lay.27 C ayM] — [x.lwr.Qa s 73:/{]3 + [5.155.27 s aE.M]-
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When the latter equation is vectorised in the manner of equation (5), we have

(13) Y¢=(XBI)‘+&=(I®X)B°+&°,

which can be written more explicitly as
Y1 X 0 ... 0 B €1 X061 €1
Y.2 O X ... 0 B2 €2 XBo €2

(14) . =1 : : 1 . - : R
Y.M 0 0 ... X]LgBum EM XB.m EM

Some assumptions must now be made regarding the disturbance terms of the model.
We shall assume that the M equations v, XB., +e.m; m = 1,..., M, taken separately,
have the stochastic structure of the classical linear model; which is to say that their distur-
bances are independently and identically distributed with an expected value of zero and a
common variance. However, we shall assume that the M contemporaneous disturbances
in the vector ;. = [e41, ..., &) have nonzero covariances such that

(15) D(e;) = E(erer) =X = [oy] forall ¢

Thus, if €, and €; are vectors of T' disturbances from the equations y., = X8, + €.m
and y; = X3 + € respectively, then we should have

E(enm)=E(;)=0 and
(16) D(e ) = OmmlIr, D(ei)=oulr,

C(E.ma E.l) — UmlITJ

where C(g.m,€1) = E(e.me’)) is the covariance matrix of the two vectors. Putting these

assumptions together, we get
(17) E&E)=0 and D(E°) = E(E°E°) =X @ Ir.

It may be appropriate to write these in a manner which makes them more explicit. First
there is the assumption concerning the expected value of the long vector of disturbances.
Writing this vector in transposed form gives

c\! __ / / / _
(18) E(g) _E[€.176.27'~'7€.M]_[07 0770]
The assumptions concerning the dispersion matrix of this vector can be written as
/ / /
€1 8.16.1 5_18.2 e €~16.M
€2 e9e'y  €agly ... Ea2€y
D\ . =F
/ / /
EM EMEL E€EMES .. EME N
(19)
011[T UIQIT UlMIT
021IT O'QQIT N U2MIT
O'leT O'MQIT UMMIT
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It is common to denote the regression model y = X + ¢, in which E(¢) = 0 and
E(e) = 02Q, by the triplet (y; X3, 02Q). Using the same device, we may now denote the
vectorised version of the model with M outputs as (Y€, (I ® X)B¢, X ® I). It is apparent
that the two models are isomorphic, which is to say that they share the same structure.
Therefore it is possible to estimate the parameters of the M-output model, once it has
been cast in the appropriate form, by using methods which have been developed in the
context of a single-equation model.

The appropriate method is generalised least-squares regression. When it is applied
to the model (y; X3,02Q), this method delivers the estimate 3 = (X’Q1X)~1X'Q~1y.
When it is applied to the M-equation model, the method delivers the estimate

R ~1
(20) b={Iex)EenIeX)} (zX)(Se) 'Y
The algebraic rules under (6) can now be invoked to simplify this result. It can be see that

B=E'oX'X) (2t X)Y°
(21) ={I®(X'X)"'X'}Y*
= {(X'X)"'X'Y}".

Thus it transpires that the efficient system-wide estimator amounts to nothing more than
the repeated application of the ordinary least-squares procedure to generate the regression
estimates 3., = (X'X) ' X'y m;m=1,..., M.

We can use the residual vectors e ,,, = Y., — X B.m from these M estimations to derive
estimates of the elements of ¥ = [0,,,;]. Thus an unbiased estimator of o,,; is

e (Y — XBm) (y1 — XB)
T—k T—k
Y - X(X'X) T X Yy

— - .

Oml =

(22)

The reduction of the system-wide estimator to an M-fold application of ordinary
least-square regression occurs only when all the variables in X are present in each of
the M equations and when no other variables are present in any of them. If some of
the variables are missing, or if we have a priori information relating to the parameter
vectors B.,,;m = 1,..., M, then, to obtain efficient estimates, we must use the available
information on . For example, let X,, be the submatrix containing only those variables
which are present in the mth equation. Then the system of equations assumes the following
form:

Y1 X1 0 ... 0 b1 €1

Y2 0 X2 A 0 ﬁg €9
(23) =], . . N

Y.M 0 0 ... Xu O EM
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This can be written in summary notation as
(24) Ye=Wos+ &
Now the block-diagonal or “staircase” matrix X no longer has the structure of a Kronecker
product. Nor can the subvectors of ¢ = [51, (2, ..., },] be stacked together in a matrix

B, for the reason that they are liable to be of different lengths. The efficient generalised
least-squares estimator of the parameters now takes the form of

(25) S={W'E e HWY WIS e )Y

and there in no longer any possibility of simplifying or reducing the expression.



