AN ALGEBRAIC PROBLEM IN CONTROL THEORY

by ARTHUR WOUK t
(Received 29th April 1963)

1. In the series of papers in the early forties summarised in (1), (2), A. L.
Lur’e showed how to utilise Liapunov’s second or direct method in the in-
vestigation of the stability of linear automatic control systems with a single
nonlinear actuator. His approach consists of

1. the transformation of the original system of differential equations via
the so-called Lur’e transformation into canonical coordinates in which
the construction of the Liapunov function is direct, and

2. the conversion of the differential problem into a purely algebraic problem.

We will be concerned here with the questions of the existence and con-
struction of the Lur’s transformation.

A system with a single nonlinear actuator is described by a system of
differential equations (cf. e.g. Hahn (5), p. 42):

u' =£(s), s = (b, y)—hu, h>0,

where ' = d|dt, A is a real constant n xn matrix, b and p # O are real constant
n-vectors, (,) denotes scalar product, and f is a real continuous nonlinear
function such that sf(s)=0. Here the vector y represents the physical state
of the system, the scalar u represents the amount of control to be utilised and
the vector p represents the distribution of the control # among the state variables.
An error signal s is constructed from the deviation of y from a plane normal
to the vector 4; modified by a multiple of the current control u, it signals an
actuator whose response is characterised by the non-linear function f(s). In
many physical systems, the ability to control state variables is limited to those
state variables which represent physical velocities; only their derivatives may
be changed (Newton’s Laws of Motion). Thus a physically significant problem
is one in which A, p, f are assumed as given; the physically interesting problem
of stability is that of selecting a vector b such that the solution y = 0 of (1) is
asymptotically stable in the large (cf. e.g. (4), pp. 7-8) for all functions f
belonging to a suitable class of functions. (This means that all solutions of
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(1) tend to zero as t—o0). It should be noted, however, that in many electronic

systems, all the variables in the mathematical representation may be controlled.
We note first (compare Hahn (5), p. 43) that the transformation to the

desired canonical coordinates is accomplished by a Lur’e transformation

y = Bx+ug,
which converts (1) into the form

x’' = Dx+mf(s),
s’ = (c, x)— hf(s).

Here D is the Jordan normal form of A, ¢ = BTATh (¥ denotes transpose)
and m is a vector f withm; =1 0or 0, i = 1, ..., n. It is easy to see that we
require B to be a nonsingular matrix such that B"*4AB = D and that Ag = ~gq,
B 'q = —m, or

ABM = P. vvvecciiiniin 3)

The choice of m; as either 1 or 0 is a normalisation for the convenience of
analysis and exposition. What is important is the vanishing or non-vanishing
of m;; should m; vanish, then the corresponding canonical variable x; is not
directly controlled by the actuator. (It may, however, be indirectly controlled.)
Lur’e (1) (see also (2), pp. 38-47) gives certain algorithms, valid for the case of
a matrix with n distinct characteristic values, in determinantal form, for what
is, in effect, a construction of B and ¢g. In these determinantal algorithms,
the geometric meaning of the manipulations is not clear, and the construction
fails for the case of multiple characteristic values. We will exhibit a procedure
which determines the possibility of construction of the Lur’e transformation
as it constructs it; it will be seen that the algorithm of Lur’e valid for matrices
with n distinct characteristic values results in no more than the special scaling
of an arbitrary B which transforms 4 to Jordan normal form so as to set
m; = 1, 0or 0. We will show that the question of which canonical variables can
be controlled (m; # 0) can be resclved by knowing any matrix B which reduces
A to Jordan normal form.

Recently, Yakubovich has shown that the transformation to canonical
coordinates is unnecessary from the point of view of theory (cf. (3) pp. 75-103,
in particular pp. 75-91 or (8), pp. 129-123 for expositions in English of his
work.) That is to say, the conditions of Lur’e for the stability of the controlled
system are derived by matrix theoretic methods which do not directly utilise
the Jordan normal form.- Hidden in the theory is the necessity for solving
the matrix equation ATL+LA = —C for any prescribed positive definite sym-
metric matrix C. In fact this is a very difficult matter if 4 is not in Jordan
normal form. Thus, at the point of application it remains necessary (cf. e.g.
LaSalle and Lefschetz (3) pp. 91-103 for the case where this form is diagonal),
to utilise the transformation to canonical coordinates in order to establish

1 Hahn ((5), p. 43, p. 138) first observed that it is not always possible to have m; = 1,

i=1,...,n; ie.some zero values may be necessary if p is orthogonal to characteristic vectors
of 4.
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computable constraints on the control variables p, b and 4 of (1) which lead
to desired stability properties (in this regard, see also (4)). Thus it remains
necessary to determine which sets of canonical variables may be achieved by
this reduction, what effects, if any, this indeterminacy in the reduction has
on stability, and which canonical variables permit easiest calculation of stability
criteria.

Lastly, in an appendix we will relate these results to those of Kriuchkov (9)
which construct a * canonical form *°, other than the Lur’e form, which need
not preserve the stability properties of the original system. We will see that
the Lur’e form is, in suitable modification, always achievable, and that stability
is always preserved. '

2. We note first that if we set p = Bp, then (3) becomes Dm = p. Thus,
for a given B, the decomposition of p along the basis consisting of the column
vectors of B, by, ..., b,, determines the possibility of finding m. If m exists,
it is unique up to a solution of the homogeneous equation Dm = 0, i.e. to
an arbitrary vector in the null space of D while p must be orthogonal to the
null space of D. Thus p must be orthogonal to the null space of A. Henceforth
this is always assumed.

Next we note that if ; # 0 is a characteristic value of 4 (and D) possessing
two or more linearly independent characteristic vectors, then there exist two
columns of B, b, b;, satisfying Ab;, = 4;b;, j =1, 2. If p;, and p;, are both
nonzero, then we must have p;, = p;,- To see this, note that Dm = p implies
Am;, = p;. Since 4;, p;, and p;, are not zero, then we must have m; =1,

=1, 2 and p; = p;, = 4. This, however, is only an apparent restriction,
for we can always rescale p by renormalising the characteristic vectors b;,,
b, ..., so that pi; = (b;,, p) is a constant for all characteristic vectors belonging
to a given nonzero characteristic value. Note that this entails, with the
renormalisation of b;, the renormalisation of the other columns of B which
are in the same cyclic invariant subspace as b;,.

On a given cyclic invariant subspace corresponding to an elementary divisor
(A— )", D has the representation

A 1
A

13

1

A

13

1
A;
If the relevant components of m and p are indexed by j,, ..., j;, we find that
on this subspace (3) is equivalent to
}‘imi1+miz =Pi
Amj+m;, = pj,

j'imjk—l + My = Pher

ANy = P e
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From these equations, it becomes clear that (3) is not in general solvable for
m; =1 or 0, and the construction of the transformation is not immediate.
Further it seems that renormalisation of the b; might not effect equality of
other p;’s belonging to distinct invariant subspaces corresponding to the same
4;. It might appear from this that the restriction of m; to the values 1 or 0
is at fault here. If m; were allowed arbitrary values, then the numerical value
of the p; would enter into the determination of the m;; we shall see below
that this is misleading: only the vanishing and non-vanishing of some of the
p; are significant to this determination.

3. The starting point of our procedure is the observation that the trans-
formation to Jordan form of A4 is unique only to an arbitrary nonsingular
matrix ¥ which commutes with 4, for then (VB) 'A(VB) = B~'4B = D.
Henceforth we assume that we know a matrix B which reduces A to D. The
construction of such matrices B is well known (cf. e.g. (6), pp. 66-69 or (7),
pp. 159 ff.). We can restate our problem as the determination of a matrix V
which commutes with A4 such that under the transformation y = VBz-+ug
the system (1) goes over into (2) where ¢ = BTVTATh, and in addition

AVBIM = Do vt )

Hence ¢ = — VBm. (We omit components in the null space of 4.)
In terms of the given nonsingular matrix B, p can be decomposed uniquely as

for a unique vector p, with components p;, ..., p,. Among the matrices which
commute with 4 are the polynomials in A, say
-1

0= ad.

Unfortunately, if any two elementary divisors of 4 have a nonlinear common
factor, a suitable ¥ may be found in this way only for restricted classes of
vectors p (see below). Instead, we observe (cf. e.g. (6), pp. 143 ff. or (7), pp.
220-223) that the set of matrices ¥ which commute with 4 is generated by
V = BUB™ ! where U runs over the set of matrices which commute with D.
Then (5) can be rewritten as B 1AVBm = p or

DUMm=UDM = p.ccerveriiininiiiiiiniiiciininnn 6)

4. In order to construct the desired nonsingular matrix ¥, we must study
the block structure of U, which is dependent upon the elementary divisors
of D. If these are

A=A, A=A2)7% oo, (A=),

then ((6), p. 144 or (7), p. 218) U is decomposed into blocks U, af = 1,...,4
where U, is a rectangular matrix with r, rows and ry columns. Further,
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3

U, is a zero matrix if 1, # A5, while it is “ upper triangular” if 1, = 4,
(““ Upper triangular  for an m row, n column matrix M means M;; =0 if
Jj<i+max (0, n—m); for square matrices this is the usual definition.). Lastly,
the elements along each diagonal of U, are constant. Thus each block contains
min (r,, rg) arbitrary parameters. It would therefore appear that we have
sufficient freedom to restrict the class of matrices U among which we look
for our solution, possibly to upper triangular matrices (U,; = the zero matrix
if a>p). It will be seen below, however, that this can be done only in special
circumstances; this will explain in part our inability to find U among the
matrix polynomials in D.

We will prove first two lemmas, one guaranteeing the solvability of (6)
for arbitrary p, the other guaranteeing the nonsingularity of U.

It is evident from the description that we can restrict our attention to the
invariant subspaces associated with a given nonzero characteristic value, say
A1, since U and DU are reduced to block diagonal form with respect to these
subspaces. Let W denote the block in U which corresponds to 4,. We rewrite
the form of (6) on such a subspace as follows. Let (A—4,)", ..., (A—4,)%,
ry2r,=...r.21 be the elementary divisors associated with A;,. Let the index
pair [i, ¢} denote the index.

i-1
Y rgtt
g=1
where t =1, ..., r, i=1,2, ..., k. (The sum is taken as zero when i = 1.)
Let (Uyp)i, j = 24,p,i-5» Where i =1, ..orp; j=1, ...rgand a, f =1, ..., k.
Since U, is upper triangular, it follows that 2, 4, ;- ; must vanish if

Jj<i+max (0, rg—ry).

On the other hand, the matrix product DU = UD has the same block structure
as U, with elements z, ;= 412, 4 i—j+ 24,5 i-j+1- (We extend the
definition of z,, 4, ;_ ; by setting it equal to zero if i or j are outside their respective
ranges 1, ..., 7, and 1, ...ry). Let W’ be the block in DU which corresponds to
W. Then (6) becomes

k rg

. Zl Za:ﬂ’i_jmw’j] = p[a,i]’ i= 1, cees Tas a = 1, seny k. ...... (7)
=1 j=

If we take my,, ;; as given, and hopefully = 1, then (7) is to be regarded as
ry+...+r, equations in the unknowns 2, 4 ;- ;. There are

Kk
m= Y Y min(r, rg) =r+3r+...+Qk-1)r,
a=18=1

such unknowns. Thus we have more unknowns than equations. Solutions
exist if the equations are consistent. The consistency conditions may be
expressed in terms of an auxiliary matrix M which we determine thus: enumerate
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210 A. WOUK
the z’ variables so that
z) = z’l,l,O’ ey 2y, = 2%, 1,1 -1

’ ot ’ I
Zr41 = 21,2,00 v Zri4r, = Z1,2,1-rp>

Zpyhtreoa 41 = Z1,0,00 -0 Zhit ot = 21,k 1-nes
Zpptotmebl = 22,1, 1=(ri=r2)> 3 Tyt otbrtry = 22,1, 1-ry>
Zpyhotmetratl = 22,2,05 +oor
That is, we start with the upper left corner of the W’ matrix and enumerate
from left to right in each row, those elements z, 4 ;_; in the Ist, (r; + Dth, ...,

(ry+-.-+r,_1+Dth rows for which j'21+4+max (0, r3—r,). Then Mz’ = p
where M is a rectangular matrix of the following block form:

4 3

M,

M

where M; is a matrix of r; rows, ir,;+r;,; +...+r, columns. If we subdivide

M, into blocks of r;, ..., ryy Fisq, ..., ¥, columns, then the jth block has the
form of the following r; x r; matrix

M, ry—ri+1] cee Mg
Mej ry-1d M.,y 0
| Mira 0

if j<i, while it has the form

r 4

mg; 1) Myj 23 - ULTRS)!
mgj, 21 e Mgy 0

Mg r-11 My O

m[j’rj] 0 .o

0 0

ri— r_,- :
L0 0 )
if j=i.

From this structure, it follows that the assignment myg, ;= 1 provides
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a matrix M which is of maximal rank, since its rows constitute an independent
set of r,+...+r, vectors in an m-dimensional space. In fact, it is sufficient
for this if mgy ,, # 0; then the 1st block of M is a square nonsingular matrix.
On the other hand, m; , ;=0 makes the rank of M less than r +...+r,
so that the existence of DU solving (6) is not guaranteed for arbitrary vectors
p. We have proved the following:

Lemma 1. The condition my ., =1 is necessary and sufficient for the
solvability of (7) for arbitrary p.
k

There are Y, (2j—2)r; independent parameters in the W’ matrix whose
iz1

assignment leads to a solution of (7) withmgg sy =1L, =1,..,k,j=1,...,rp
If, as would be desirable for computational purposes, the matrix U is sought
among the class of upper triangular matrices, the following change must be
made in the preceding analysis. W and W’ are now upper triangular matrices
and (7) specialises to

k

rg
Z Z;’ﬁ,i_jm[ﬂ’j]= p[a,,‘], l= 1, ceny ra, o= 1, ceny k. ...... (7’)
B=aj=1

The number of unknowns z, ;4 ;—; now is

B k
m= Y Y min(r,rp) =ri+2r,+...+kr,
a=18=1
which still exceeds the number of equations. We proceed as before in the
enumeration of the elements of z’, i.e. from left to right in W’, but now

1ot
Zl = zl’l’o, teey

’ ot
Zridratatrt1 = 22,2,00 005

! — !
Zry42r4.4rct1 = 23,3 05 +0s

M, is now a rectangular matrix of r; rows, r;+r;.{+...+r, columns whose
jth column block is given only by the second of the forms above, that for
j=i+p—1=i The assignment mp; 4 = 1 provides a matrix M of maximal
rank, as before. However, in this case my; ;=1 makes the first column
block of M; a non-singular square matrix, while if any mg; ,; = 0, the corres-
ponding M; has a row of zeros. We have then

Lemma 1. myg; , =1, j=1, ..., k is necessary and sufficient for the
solvability of (7') for arbitrary p.
k
There are Y, (j—1)r; independent parameters in the W’ matrix whose
iF1
assignment leads to a solution of (7)) withmgs y=L,j=1,...,r5, = 1,..., k.

5. We wish next to guarantee the nonsingularity of U. Again, owing to
the block structure of U and DU, we work on the invariant subspace associated
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with A, # 0; there the nonsingularity of DU and U are equivalent. The
singularity of DU or W’ there is equivalent to the existence of a set of numbers
O, B =1, ..., k,j =1, ..., rg, not all zero, such that
k r
S 2 i =0, i=1 ety a=1, ke ®)
p=1j=1
Seti=r,, a =1, ..., k, and consider the resulting £ equations
k

ﬁzl Z;,ﬂ,r,—rp 5[ﬂ;’p] = 0, o = 1, ey Ko e, (9)
If the determinant of the auxiliary k x k matrix (z;, 4, ,,-,,) is not zero, then
we must have g5 ,,; =0, f = 1, ..., k, and (8) can be replaced by
k rg—1
Z z;,ﬂ',-_jé[p,j]=0, l=1, csey ra—'l, a=1, vary k. ...... (10)
g=1j=1
Nowseti =r,—1,a =1, ..., k. We obtain the system of equations
k
ﬂz_:lza’:pv’a_rﬂa[ﬁv’ﬁ_ll=0’ o= 1, cvay k—l.

The nonvanishing of the determinant of the auxiliary matrix again implies
6[3,,3_1] =0,f=1,..., k. We may proceed in this manner for exactly r,
steps. Suppose that r;>r, if i = 1, ..., swhiler; = r,if i = s+1, ..., k. Then
it follows that z; 4 .-, =0 if a<sand f=s+1. Then

dety <, gk (22, 5, ra—rs) = d€ty <o p<s(Za, 5, ra—rs) X A€ttt <o p<i(Za, g, ra=rp)-
Then at the end of r, steps the successors to equations (10) become

s rg—re
Y Zopi-i0p =0, i=1,..,r,—r, a=1,..,s ..(10)
B=1j=1
Now only the (s x s)th principle minor of the auxiliary matrix remains. This
is non-singular if and only if the auxiliary matrix is non-singular. We may
proceed in this manner to show that if det(z; 4 ,,-,,) # 0, then W’ is non-
singular. On the other hand, if det(z, 4 ,,-,,) =0 then (9) has a nonzero
solution; then we can, by elementary column operations on W’, construct a
matrix k£ of whose rows vanish, so that the matrix is singular. Since elementary
column operations are themselves nonsingular, this proves

Lemma 2. The condition

det (zg g, po=rg) F0 oo (11)
is necessary and sufficient for the nonsingularity of W'.

If all r, are distinct, so that (z, 4 ,._,,) is @ lower triangular matrix, or
else if we seek an upper triangular matrix, U, condition (11) becomes
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6. Next we establish the conditions for the existence and nonsingularity
of the matrix U. We may still restrict attention to the block W’ in DU corres-
ponding to a single nonzero characteristic value A,. In (7),seti=r,, a =1,
..., k. This yields the set of equations

k
ﬂzl Za by ramra Mg gl = Playrapy & =1, s ke, (12)

If pra,rg=0,2=1, ..., k, then it is impossible to have any my, ,;#0
and simultaneously, a nonsingular z'-matrix (or, by Lemma 2, a nonsingular
matrix W’). Thus we must set my, ,,=0, « =1, ..., k and can choose
Z4, 8, ra—rp at Will 50 as to satisfy (11).

Next consider the situation where pp, ,.;# 0. Suppose first that ry>r,.
Then z} 4 -, =0, @, =2, ..., k; if ppy,,3# 0, then (12) may be solved
for a nonsingular lower triangular z'-matrix and a vector my; ,,; =1, =1,
..., k. We need only set 2y 1,0 = pp1,,,; and

’ ! — —
Zq, 1,r.—r1+za,a,0 = Plo,rsy %= 1’ ree k’

while all other z; 4 ,,—,, =0. This can always be done so that both (11)
and (11') are satisfied and the matrix W’ is nonsingular.

Ifri=r,=..=r,s<k, and at least one of p, .5 #0, 1<a=<r, then
we may reorder the basis b; so that p;; ,,; is again not zero, and proceed as
above. It is also possible to have myy . =1,my 7 =0or 1 at will, B = 2,
...s k, and preserve the nonsingularity of W’'. Thus to have my .,y =0, set
2p,1,r5=rs = Pig,rsd Z8.8,0 # 0-

If, however, pry,,3=0, a=1, ..., 5, then we must set my =0,

=1, ..., s. Otherwise, the matrix whose elements are z, g ,,—,; % B =1,

..., 5, would be singular. Since the other elements of the first s rows of the z’
matrix are zero, this implies the singularity of the z’ matrix, and by Lemma 2,
the singularity of the W’ matrix. When mp, 0= fg,r3=0 x=1, ..., 5,
the quantities z; 5 ,,—rs» % B =1, ..., 5, may be chosen as an arbitrary, non-
singular s xs matrix. The question of the nonsingularity of the z’ matrix is
now reduced to that of the nonsingularity of the k—s xk—s matrix z; g, ,,—»,
with a, f =r+1, ..., k. The argument above applies without exception to
this submatrix.

Now suppose that mg ..y, B =1, ..., k, and the nonsingular auxiliary
k xk matrix (z,, ,,,-r,) have been chosen. The remaining equations of (7)
can be written as

K org—1

8=1 .Zl Za,,i-i Mg, 1= Pla,iy—Pla,rae =15 s Ta= 1, s K7, (13)
=

where k'<k is such that r, = 1, k'<a<k. With appropriate identification
of terms, this system is of the same form as (7). Hence Lemma 1 may be
applied to (13). We conclude that the assignment

mw’,p_” = 1, ﬁ = 1, seey k’
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is necessary and sufficient for the solvability of (13) for any vector. The
remaining elements of the m-vector may be chosen as 0 or 1 at will.
We summarise these results as follows:

Let A, # 0 be a characteristic value of A with elementary divisors (A—Ay)"™,
ey (A=A)*, ryzr,2...2n21 and characteristic vectors b,, ..., b,. Let
(b,p)=0,i=1,..,s—1while (b,p) # 0. Let

Taye1 SV, =l s = e =Tg= . =1, >T 4.

Then the assignment
Mgy =0, a=1,..,0-1,

Mig,r, 1= 15

assures the existence and permits the calculation of a nonsingular matrix U
which commutes with D and satisfies (6). The remaining elements of m may be
taken as 1 or 0 at will.

The choice of my,, ,, ; in the above statement is not essential; any one
of my, , 5 could be chosen to be 1, a,<a=<t, and the statement remains true.
Further, at least one of them must be so chosen.

The matrix U can be chosen among the upper trigngular matrices if and
only if (b;, p) # O for at least one characteristic vector b; belonging to each set
of elementary divisors of given exponent. To see this, consider again equations
(7). Here z; 4,,,-, =0 if r, # r;. Repeating the preceding analysis leads
to this form of the assertion, using Lemma 1’ in the place of Lemma 1. Lastly,
if the elementary divisors have no nonlinear common factors, then U may be
realised as a polynomial g(D), after renormalisation of the corresponding
characteristic vectors. To see this, note that this implies that U may be taken
as a block diagonal matrix, each block of which is precisely of the form which
is realisable by a suitable interpolating polynomial in D (see, for instance,
(6), pp. 62-63 or (7), p. 100. If the elementary divisors are all linear, then D
is diagonal and U is determined by (6) as a diagonal matrix, used only for
scaling purposes.

Thus the particular transformations described by Lur’e are seen to effect
only the scaling of m;, when they are correct, i.e. in the case that A has » distinct
characteristic roots.

The preceding treatment leads to complex transformations, if the matrix 4
has complex characteristic values. Since Ax = Ax+y if and only if

Ax* = A*¥x*+y*
(* denotes complex conjugate) when A is real, the equivalent real transforma-
tions can be constructed which lead to the real Jordan normal form, in the
usual manner. The reality of p and b implies that all operations associated
with the characteristic value A1 are exactly paralleled in the treatment of A*,
and the final form (2) can be chosen with the control f(s) present (m; = 1)
in precisely one pair of equations belonging to each pair of characteristic
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values 4, A*, for which (p, b;) # 0 for some non-zero characteristic vector b;
belonging to 4.

7. The indeterminacy in the form of m allows us to raise two questions.
Firstly, does this indeterminacy lead to different stability criteria? Secondly,
does this indeterminacy permit simplified calculation of conditions which
guarantee absolute stability? The first question is answered as follows.
Suppose that a matrix B has been calculated and the equations are in a real
Jordan normal form (2); let another canonical form

%' = DX+ #f(s),
¢ = 6 By f(s) e

be achieved by the matrix U where U commutes with D and is non-singular.
Then M = U™ 'm and ¢ = UTc. The Lur’e special Liapunov function implies
absolute stability if and only if

h>(A"Lm+1ic), [Lm+4c]) wovreereiniineninnnn.. (19
where A is some real symmetric positive definite #» x n matrix and L is the unique
real symmetric positive definite solution of the matrix equation D'L+LD = —~A

(cf. 3), p. 85 or (8), p. 122). Then
(A™'[Lm+42), [Lm+42]) = (UTAU) ™ [(UTLU)m+1c), [(UTLUYm+3c)),

while
DT(UTLU)+(UTLU)D = — UTAU.

From this we conclude that a triple (h, m, ¢) makes (2) absolutely stable if and
only if the triple (k, m, ¢) makes (2') absolutely stable. This answers the first
question negatively. The second question can be answered affirmatively.
Notice first that the stability criterion (14) depends upon the calculation of the
solution of

DTLALD = —A; reeiiieeireeeeeeieieceeeeenn. (15

this is not readily calculable for arbitrary positive definite matrices. Even
for 3 x 3 matrices the computations are too cumbersome unless, as is customary,
we make A a diagonal matrix. This yields sufficient conditions for (14) which
in turn is only sufficient for absolute stability. If we solve (14) for all sets of &
and ¢ which satisfy (14) for a given m and some positive definite diagonal
matrix A, we obtain stability criteria which depend upon the form of m. If
A is a characteristic number with many elementary divisors, and m has many
non-zero components, this leads to cumbersome calculations. If we replace
m by m, with only one non-zero component for each distinct characteristic
number A, the work is easier. As an example, suppose that D is

A 1 0
o 12 0
0o o 2
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where A<0. Then (15) becomes

Ly Lz s 0 4 0 -6, 0 0
22 Ly L b + Ly 245 s = 0 -4, O :
131 132 133 0 113 0 0 0 —63

Then L is
—6,[24 5, /41% 0
5,/42%  —6,[24—5,[44° 0 .
0 0 —83[2A
Ifm, = 0,m, = 1, my = 0, then (14) becomes
h>671(8,/42% +E,/2)* + 85 1(—6,/24—8,/4A3 4+ 8,/2)% + 65 1(E5/2)>.

Clearly é, is unrestricted. If both ¢, and ¢, are non-positive, the right side
can be made arbitrarily small for suitable choice of A. If ¢,>0, then for any.
8, the second term is minimal if §, = §,/2A2—A¢,>0 with minimal value
8,/2A*—&,/A. Thus sufficient for absolute stability is

h>98,/161% + 62/46, + &, /412 — &,/ ).
If 8, = 2A*| &, |[3 the right side is again minimised and a stability criterion

can be written as
3l |+ &
h>e(cy) {————— — =%,
(2){ 432 A

where &(¢) = 0 if <0, while ¢ = 1 if £>0. Suppose now that the reduction
of (1) to (2) had yielded m; = m, = m; = 1. Then U can be taken as

1 10
o 1 o0 |
[ 0 1 1

€ = €y,

since & = U7¢, we have

Cy = C+ey+c;,
€3 = C3,
and a sufficient condition for absolute stability is
3eaf+er o +c2+c3}
452 yl )
In the present case the saving in effort is small but noticeable. If the exponents

of the various elementary divisors had been higher, the saving would have
been more significant.

h>e(c1+c2+c3){

Appendix

Kriuchkov (9) (in our notation) represents the fundamental matrix e4’ of
the homogeneous system y’ = Ay as a linear combination of the terms of
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the form #e™ with matrix coefficients which are the so-called components of
A. In this form, the highest power ¢/ which appears is one less than the power
of (1— A,) which appears in the minimal polynomial of 4 (cf. e.g. (5), pp. 110 ff.).
If k is the degree of the minimal polynomial, then the solution of the system

y'=Ay+up
N eereerereeeerneneneeanns 16
u=f(s) s = (b, ) (16)
is represented, using the variation of constants formula, as
y=etyo+G{
where G is a certain constant n X k matrix and £ is a particular solution of
E = AEAmMI(S). ceeeeiiieeiiii an

Here A is a k xk matrix in Jordan normal form whose characteristic (and
minimal) polynomial is the minimum polynomial of A4, while the projection of
m on each invariant subspace of A has component one along the characteristic
vector and zero elsewhere. Should A; be a characteristic root with positive
real part, of greater multiplicity in the characteristic equation than in the
minimal equation of A the stability of (17) does not imply the stability of (16).
This, however, is not the Lur’e transformation, as constructed above. The
calculations above show that there is a vector m, and nonsingular matrices
B and V such that y = VBz transforms (16) into

z' = Dz+mf(s),
{oe

where D = B™Y4B, ¢ = BTV7bh, and V is a matrix which commutes with 4.
In this instance, equation (5) becomes

VBM = P. coevviniiiiiiiininceicen i &)
Setting
V = BUB™ !,
we obtain
UM = Py ceeeeeeeeeeeneeseeeieeaee e, 6)

where U is an arbitrary matrix commuting with D. Tt is easy to see that the
construction used for DU is now a construction for U. This Lur’e trans-
formation, however, clearly preserves stability and instability properties.

I wish to thank Mr P. C. Parks for his valuable comments on an earlier
version of this paper.
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