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ON THE HERMITE-FUJIWARA THEOREM IN STABILITY THEORY*

By R. E. KALMAN (Stanford University, Stanford, Cal.)

1. Introduction. Let ¢(z) = 2" + a;z"* + --- + a, be a polynomial with real
coefficients. In the theory of sampled-data systems (= linear, stationary, discrete-time
dynamical systems, [1]), the problem of stability reduces to checking whether or not ¢
has any zeros on or outside the unit circle. This is a problem in algebra. The classical
result is a theorem of Fujiwara [2], proved in 1926 by a method which goes back to
Hermite [3] (the celebrated “ Hermitian forms’’):

HerMmiTE-Fustwara THEOREM. A necessary and sufficient condition for all zeros of ¢
to lie inside the unat circle is that the symmetric matriz P(p) defined by (2.3) be positive
definite.

The same criterion was obtained slightly earlier and in slightly different form by
Schur and Cohn [4].

Naturally one would like to prove the Fujiwara criterion by methods related to
dynamical systems. It is well known that the second method of Lyapunov in general
stability theory provides many criteria which are abstractly equivalent to that of Fuji-
wara and Schur-Cohn (see, e.g. [5, Sec. 7, Example 6]). In this way we can obtain an
infinity of symmetric matrices R(p), but in contrast to P(p) they are rational (not
integral) functions of the coefficients a, , and therefore less convenient for practical
purposes. The first concrete definition of P(p) via the Lyapunov theory was obtained
only in 1963, by Parks [6].

The object of this note is to give a new proof, ab initio, of this important result of
Parks. We find that there is a surprisingly close relation between the methods of Hermite
and Lyapunov, and we are thereby led to a proof of the Hermite-Fujiwara theorem
which is much simpler than the classical one (see, e.g., [7]).

2. Definition of P(¢). Let ¢*(z) be the polynomial

o*@) = o). 2.1

Consider the Bezoutian bilinear form [1, 8]

B(Z, ’U)) — ¢(z)¢*('wz) :;(w)fo*(z) — ‘é_:l z"lﬁ;i(go)w‘"‘ . (22)

By (2.1) we have also

Bz, w) = w,-.[¢<z>¢<w-‘> - ¢*<w-‘>¢*<z>] _ w[z z.--lp”@w,-;], ©.3)

2w_l -1 i.im1

Both matrices P)(¢) = [p:;(¢)] and P(p) = [p:;(¢)] are symmetrical. Their elements
are polynomials in the a; . Note that p;; = P:.n-; .
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By comparing coeflicients in (2.2) and (2.3) we obtain an explicit expression [6]
for P(¢):

min(i,§)

piilp) = Z (@ick@ik — OnoisiOnoisi); @ ji=1,---,n). (2.4

k=1

We observe that P(p) is a singular if ¢ has a zero |z:] = 1. Indeed, then Z, is also a
zero of ¢, z;' = Z, is a zero of ¢*, and the bilinear form (2.4) vanishes if we let z = 2z, ,

A
° 3._'I?Ik1e leni:n.as. Let ® be the companion matrix of ¢,
0 10 0]
01
P = 0 -
o1
Ll—a, -+ —a

The prime will denote the transpose of a matrix or vector.
LemMA 1 (Lyapunov-Kalman). Let r be any n-vector such that the set

{(@)r,k=0,---,n — 1} = linearly independent. (3.1)
Then all zeros of ¢ are tnside the unit circle (i) if and (ii) only ¢f the equation
$'P® — P = —1r' (3.2)

has precisely one symmetric solution P and this solution is positive definite.

If the right-hand side of (3.2) is negative definite, this is a well-known result in
stability theory, a counterpart of the celebrated lemma of Lyapunov for matrix differ-
ential equations with constant coefficients (see [5, 8]). Condition (3.1) is a standard
device in mathematical control theory. (The pair (®, r’) is “completely observable”,
see [9].)

Proor. (i) Let x be an n-vector, and let 2(-) be the solution of the difference equation
2t 4+ 1) = d2() ,2(0) = 2,,t=0,1, ... (3.3

If P satisfies (3.2) and is positive definite then z’(t)Pz(¢) = 0 is nonincreasing as t — o,
Hence the limit exists and it must be zero because of condition (3.1). Since z’Pxr = 0
implies z = 0, all solutions of (3.3) converge to 0. Hence all eigenvalues of ® (that is,
all zeros of o) are inside the unit circle.

(ii) If all eigenvalues of ® are inside the unit circle, then the sum

Z (r"®'wo)* = xtP1o
t=0
exists. It is easily seen that P, is a solution of (3.2). And it is well-known that (3.2) has
a unique solution whenever 2,2, # 1 for any two zeros of ¢. Finally, P, is positive definite
by (3.1). Q.E.D.
The verification of condition (3.1) is made easier by
LemMa 2 (Stuelpnagel). Let [r, -+, (¥)"7'r] = ¢(®'), where ¢(2) = r, + -+ +

n—1

r.a tand vy, -+, 1, are the elements of r.
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Proor. See [9, Lemma 7].

Let 7 (2) be the column vector with elements 1, z, -+ - , 2

LEMMA 3. ®7(2) = zn(2) (mod ¢(z)).

Proor. Immediate, by computation. Q.E.D.

Let ¢(2) = a,0(2) — ¢*() = ¢.2"* + -+ + ¢ . Let ¢ be the column vector with
elements ¢, , +++, ¢. .

LemMA 4 (Main Lemma). If r = q(p), the symmetric matriz P(p) defined by (2.3)
satisfies (3.2).

Proor. In terms of the preceding notations, we have

@™ — Dr'@Pr(w™) = o@ew™") — ¢*@e*w™). 34
By Lemma, 3, the left-hand side can be expressed as
ew™ — Dr'@)Pr(w™) = ©'()[®'P® — Plr(w™),

n—1

where = means equality (mod ¢(z), ¢(w™")). On the other hand,

e@ew™) — R ™) = —[a.06) — *@llae@™) — o*@™)],
2 @™,
S — '@ g'mw™). 3.5)
Hence
T@[®'P® — P + ¢¢'lr(w™) = 0. (3.6)

The highest powers of z and 1£" which appear on the left in (3.6) are 2" ™" and w™ """,

Hence in (3.6) we may replace = by =.

For suitable choices of z, the vectors =(z,), - -+ , m(z,) are linearly independent, by
Vandermonde’s determinant. Similarly, we can find linearly independent vectors
a(wi'), <+, w(w;"). It follows that (3.6) implies (3.2). Q.E.D.

4. Proof of the Hermite-Fujiwara theorem. We can now prove this theorem with
the Lyapunov-style Lemma, 1.

Sufficiency. Suppose that P given by (2.3) is positive definite. If we can show
that (3.1) holds, then it follows by Lemma 1 that all zeros of ¢ are inside the unit circle.

By the remark at the end of Sect. 2, ¢ has no zero 2, such that |2,| = 1. But suppose
some |z;| ¥ 1 is a common zero of ¢ and ¢. By (3.4) and (3.5) we have

eu™ — Dr'@Pr(w™) = —¢@E)¥@ ) (mod o@), e(w™).

Ifweletz = z,,w™" = 2, ¢(2) = ¢() = 0 and P is singular, contrary to assumption.
So ¥(z:) # 0 whenever 2, is a zero of ¢. By Lemma 2 and well-known facts

det [q, - , (&)"q] = det (&) = ,H. W) = 0. 4.1)

This is condition (3.1), if we take r = q.

Necessity. Suppose that all zeros z, of ¢ are inside the unit circle. It follows that
¥(z:) #~ 0 for otherwise ¢*(z,) = 0 and ¢(z;') = 0, which is contrary to assumption.
If ¢ = r, (4.1) shows that condition (3.1) is valid. Then P defined via (2.3) satisfies
(3.2), by Lemma 4. In view of Lemma 1 (3.2) has exactly one symmetric solution which
must be positive definite. So P is positive definite. Q.E.D.
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5. New stability criterion. From the preceding proof, it follows that the Hermite-
Fujiwara theorem may be replaced by the

Lyarunov-PArkS THEOREM. A necessary and sufficient condition for the polynomial
¢ to have all its zeros inside the unit circle is that (3.2), with r = q(¢), have a symmetric
positive definite solutton P(p). If P(p) exists, condition (3.1) is always valid; P(¢) vs unique
and has the representation (2.3-4).

6. Concluding remarks. As in Fujiwara [1], these results may of course be ex-
tended to provide estimates of the number of zeros on and outside the unit circle. How-
ever, this requires an algebraic generalization of Lemma 1. With the method of Lyapunov
(theorem of Chetaev) we can prove the existence of such zeros but cannot, in general,
compute their number.

We observe, without proof, that r = g¢(¢) is the only vector such that (3.2) has a
solution P(¢) whose elements are integral functions of the a, .

There is an analogous theory of polynomials whose zeros have negative real parts
(see [10]).
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