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What Is the Adjoint of a Linear System?

Omran Kouba and Dennis S. Bernstein
POC: D. S. Bernstein (dsbaero@umich.edu)

For About This Issue: In their tutorial article “What Is the Adjoint of a Linear System,”
Omran Kouba and Dennis Bernstein view a linear system as an infinite-dimensional operator
and use this framework to derive the corresponding adjoint operator. Their goal is to show that
the form of the adjoint operator explains the duality between estimation and control as well as

the fact that, in classical optimal control, time runs backwards.

Summary: Duality is a bedrock principle of control and estimation, but where does this
duality come from? The short answer is: adjoints. In fact, adjoints play a key role in numerous
branches of engineering and computation, but what exactly is an adjoint? This article describes
how adjoints are used to compute sensitivities and then derives the adjoint of a linear time-
varying system as an operator between Hilbert spaces. A connection is made with the costate
equation of classical optimal control theory, which is shown to be a partial adjoint. This tutorial
article is intended for all students of systems and control theory who want to understand why

duality shows up in unexpected ways.

Although controllability and observability are distinct properties, one of the fundamental—
and most attractive—results of our field is the fact that (A, B) is controllable if and only
if (AT, BT) is observable. As mentioned in “Summary,” this duality provides a deep linkage
between the linear-quadratic regulator (LQR), which seeks a feedback gain K such that A+ BK
is asymptotically stable, and the linear-quadratic estimator (LQE), which seeks an output-error-
injection gain F' such that A+ F'C' is asymptotically stable. In the case of LQR, the controllability
of (A, B) implies that there exists a feedback gain K that arbitrarily places the eigenvalues
of A+ BK, thus facilitating closed-loop asymptotic stability. In the dual case of LQE, the
observability of (A, ') implies that there exists an error-injection gain F' that arbitrarily places
the eigenvalues of A+ F'C, thus facilitating closed-loop asymptotic stability of the error dynamics.
A key distinction worth noting is that A + BK is the dynamics matrix of a physical feedback

loop, whereas A + F'C' is the dynamics matrix of a nonphysical error system.

As mention in the Summary, the duality between estimation and control suggests that
something deeper is going on. As shown by the elegant approach of [1, p. 198], these problems
are related by the adjoint operator. In the case of an n x m real matrix A, the adjoint of A is
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simply its transpose AT, which is an m x n matrix. Within the context of a Hilbert space H
with inner product (-,-), which can be thought of as an infinite-dimensional Euclidean space,
the adjoint of a bounded linear operator A: H — H is the linear operator A* that satisfies
(Av,w) = (v, A*w) for all v,w € H. Bounded and unbounded linear operators are extensively
studied in mathematics [2], [3]]. Although unbounded linear operators are not considered in this
article, these operators represent partial differential operators, which define infinite-dimensional

systems [4].

Adjoints are ubiquitous in computational mathematics and optimization theory [, pp.
150-154, 159]. Data assimilation and optimization methods use adjoint models to compute the
sensitivity of a cost function to parameter changes [[6]-[9]. Within the context of optimal control
theory, the adjoint system defines the costate, which appears in the statement of the minimum
principle based on strong control variations and first-order variational necessary conditions based
on weak control variations [10, pp. 188, 233], [11, p. 258]. The adjoint operator is used in |1,
pp- 198, 199] to derive the optimal estimator from the optimal regulator; this approach thus

reveals the origin of the deep duality between estimation and control mentioned above.

Within the context of differential equations, a linear system can be viewed as a linear
operator that maps a vector-valued, square-integrable input u to a vector-valued, square-integrable
output y. The linear dynamical system thus defines a bounded linear operator that maps one
Hilbert space to another Hilbert space. The adjoint of this linear operator corresponds to a linear
system that is different from the original linear system. The goal of this paper is to derive the

dynamics of the adjoint system.

A bounded linear operator that maps one Hilbert space to another Hilbert space can be
associated with its adjoint operator. For an operator defined by a linear dynamical system, the
adjoint operator can be expressed in terms of another linear dynamical system; this adjoint
dynamical system is closely related to the original linear dynamical system. The purpose of this
article is to derive the adjoint dynamical system and show that it does, in fact, represent the adjoint
of the bounded linear operator corresponding to the original dynamical system. Summaries of
this result are given in [1, pp. 85, 86] and [12, pp. 68-70].

This note also presents the adjoint differential equation for the costate, which, as mentioned
above, arises in classical optimal control theory. We call this the partial adjoint since it does
not represent the adjoint operator per se but rather provides a computationally convenient
representation of the state transition matrix. Details are provided in “The Costate Equation of
Optimal Control as a Partial Adjoint.”
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Using Adjoints to Determine Sensitivity

One of the most fundamental problems in mathematics and engineering is to compute the

solution x of the matrix-vector equation
Ax = b, (1)

where A is a matrix, b is a column vector, and z is a column vector. As discussed in “Existence
and Uniqueness of Solutions to Az = b and Ay = ¢, may or may not have a solution,
and, if does have a solution, then either it is the unique solution or has infinitely many
solutions. The problem of interest is to determine how a function of the form f(z,c) = ¢z,
where c is a given vector, changes as b changes. This dependence can be determined numerically
by solving for many different values of b; however, this is inconvenient in the case where
the dimensions of = and b are large. Adjoints provide a computationally efficient approach to

determining this sensitivity.

Let A € R™™. For all b € R", define

X(b) 2 {z e R™: Az = b}, )
and, for all x € X' (b) and ¢ € R™, define the primal cost f: X(b) x R™ — R by
f(z,c) 2 Ty 3)
Furthermore, for all ¢ € R™, define
V(o) = {yeR": ATy =}, @)
and, for all y € Y(c) and b € R™, define the dual cost g: Y (c) x R* — R by
gy, b) = b"y. (5)

For b € R" and ¢ € R™, the sets X(b) and )(c) may be empty. Assuming that these sets
are not empty, the following result shows that the primal and dual costs are equal. This result

holds whether or not X'(b) and )(c) have unique elements.

Proposition 1. Let b € R” and ¢ € R™, and assume that X'(b) and ))(c) are not empty.
Then, for all x € X(b) and all y € Y(c),

f(x,c) = g(y,0b). (6)

Proof. Note that

f(z,c) =2Tc=aTATy = (Ax)Ty = bTy = g(y, b). L]



Note that f(z,c) depends on b due to the dependence of = on b; in many applications, it
is useful to determine this sensitivity. To do this, assume that A is either a nonsingular square
matrix or a wide matrix with full row rank, which implies that, for all b € R", Az = b has at
least one solution and, for all ¢ € R™, A%y = ¢ has at most one solution. Now, let ¢ € R(AT),
b€ R", and = € X(b). Furthermore, let 5b € R™ and let dx € R™ satisfy = + dx € X' (b + db);
hence, Adx = 0b. Letting y 2 (AAT)~LAc denote the unique solution of ATy = ¢, it follows
that the sensitivity ¢ f(z, c) of f due to 0b is given by

1>

6f(x,c) = f(z+dx,c) — f(z,c)

(0x,c)

(62, ATy)

= (ATy) oz

=yt Adx

= y1ob

= (0b)"y

= 9(y, 0b). )

f
f

It thus follows that, for all b € R", x € X(b), 6b € R™, and c € R(A"),
6f(z,c) = gly,ob), ®)

where y 2 (AAT)~!Ac is the unique solution of ATy = c. In the case where A is wide and

thus not square, x is an arbitrary solution of Az = b, which has infinitely many solutions.

The Adjoint of a Bounded Linear Operator

The n x m real matrix A defines the linear function f that maps R™ to R" defined by
f(x) = Az. We equip R* with the inner product

A
(@, 9) =y, 9)

where the subscript /% is analogous with the notation used below for the inner product on the

function space L. For all z € R¥, the corresponding norm on R” is the Euclidean norm

/2
.

A
z]leg = (z, ) alx. (10)
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The adjoint of A is the unique m x n matrix A’ that satisfies (Az,y)m = (v, A'y)ge for all
r € R™ and y € R". Since

(Az,y)ep = yT Az
= (Az)'y
— LUTATy
= (z, AT y)ep, (11)

it follows that A’ is the transpose AT € R™ " of A.

The notion of the adjoint of a matrix can be extended to bounded linear operators between
Hilbert spaces. A Hilbert space (H, (-,-)3) is a vector space over the field of real or complex
numbers with an inner product (-,-)y and with the property that the normed vector space
(H, || - |lz) arising from (H,(-,-)3) is complete in the sense that every Cauchy sequence in
‘H converges with respect to the norm || - || induced by the inner product to an element of .
More details can be found in [3, p. 112]. This article is restricted to the case of a real Hilbert
space, where the field is R. In particular, for all z € H,

lzllx = v/, 2. (12)

Real Hilbert spaces have several useful features. Perhaps the most useful feature is the
notion of orthogonality, where the elements x and y of H are orthogonal if (z,y)» = O.
Consequently, a Hilbert space can be viewed as a natural generalization of Euclidean space.
Second, if f: H — R is a bounded linear functional, then there exists a unique element y; € H
such that f(z) = (x,ys); this is the Riesz representation theorem [3, p. 345]. As discussed
below, this theorem is the key to proving the existence of adjoints of bounded linear operators
between Hilbert spaces. First, however, we explain the meaning of bounded linear operators and
bounded linear functionals.

A linear functional f: H — R is bounded if there exists M > 0 such that, for all z € H,
|f(@)] < M|z (13)

This property is equivalent to saying that f is bounded on bounded subsets. It is also equivalent to
continuity: If the sequence (x;)3°, converges to 0 in H, then (f(z;))52, converges to 0. Similarly,
the linear operator A: H; — H, between Hilbert spaces (Hi, (-, -)%,) and (Ha, (-, -)3s,) is
bounded if there exists M > 0 such that, for all x € H;,

[Az[[3, < Ml|]l3, - (14)

This property is equivalent to saying that A is bounded on bounded subsets. It is also equivalent

to continuity: If the sequence (x;):°, converges to 0 in H;, then (Ax;)3°, converges to 0 in Hs.
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Let A: H; — H, be a bounded linear operator. For y € H,, the linear functional f,: x —
(Az,y)y, is bounded because A is bounded, and, by the Riesz representation theorem, there
exists a unique vector A*y € H, such that, for all z € H,, f,(z) = (z, A*y)y,. Furthermore, the
linearity of A implies the linearity of the mapping y — A*y, and the continuity (boundedness)
of A implies the continuity (boundedness) of .A*. Therefore, for every bounded linear operator
A: H; — Hs there exists a unique bounded linear operator A*: Hy — H; such that, for all
(x,y) € Hi X Ha,

<A$,y>7.[2 = <x7-’4*y>7{1 (15)

The bounded linear operator A: H — H, where H is a Hilbert space, is self adjoint it A = A*.
As discussed in [2], [3]], self-adjoint operators, which are analogous to symmetric matrices, have

many convenient properties.

An extremely useful Hilbert space is the vector space L[y, ] of Lebesgue-measurable,

square-integrable functions mapping [to, t¢] to R, where ¢y < t;, equipped with the inner product

s ) ipton 2 / o) F ()t (16)

to

We write Lyto, t¢] in the case where m = 1. In fact, for finite ¢, and ¢, a Fourier series can
be viewed as a basis-function expansion of an element of the Hilbert space Lo[to, t¢]. As in the

case of R™, the norm induced by the inner product (-, -)rm(s.s is defined by

A 1/2
1 g tond = s P o (17

Note that

te 1/2 te 1/2
HfuL;n[to,tf]:(/t f(t)Tf(t)dt) :(/ \!f(t)lligdt) . ()

For example, let K : [to, t¢] X [to, tf] — R be a Lebesgue-measurable function that satisfies

te te
/ / |K(t,7)]*dtdr < . (19)
to to

Now, let u € La[to, t¢], and define the function Au: [to, ;] — R by

(Au)(t) 2 /t " Kt )u(r) dr 20)

0



Then [13, Corollary 3.4.6] implies that Au is a Lebesgue-measurable function on [tg,t¢].
2 Furthermore, for all u,v € Ly|to, t¢],

<AU;U>L2[t07tf] Z/ / K(t,7)u(r)drdt

:/to /t (B K (£, 7)u(r) drdt
_ /: /t:fu(r)K(t,T)v(t) drdt

_ tf/fu DKt 7)o(t) dedr

/ / K(t,7)v(t)dtdr

= (u, A"0)1L,[t0,11] Q1)

where the adjoint A* of A is the linear operator given by
143
_ / K(t,7)o(t) dt. (22)
to

+ It can be seen that A is self adjoint if and only if, for almost all ¢, 7 € [to, t;], K(t,7) = K(7,1).
The fact that A: Ls[to, tf] — La[to, t¢] is a bounded linear operator follows from the more general

s case considered below for vector-valued functions.

More generally, let 0,,,, denote the maximum singular value, and let K : [to, t¢] X [to, te] —
e R™™,_ Assume that K is Lebesgue measurable and that

A tf te 1/2
= (/ / o2 (K(t,1))dt dT) < 00, (23)
to to

Since R™™™ is finite dimensional, all norms on this space are equivalent, and thus (23) is

10 equivalent to

1/2

te pte
(/ / HK(t,T)H%dth) < o0, 24)
to to

where || - ||r is the Frobenius norm. Therefore, (23)) is equivalent to the condition that every entry

12 of K is square integrable on [to, t;] X [to, L]

Next, for all u € LI'[to, ], define the function Au: [to,t;] — R! by

153
_ / K(t,7)u(r) dr. (25)
to



n

Using the fact that, for all A € R™*™ and all z € R™, [Az[|g < Omax(A)[|z]ep, it follows that,
for all t € [to, t¢],

I(Au)(#)llg, =

/t :f K(t, )u(r) dr

0

< [ 1K)y o

to

< / (K (£,7)) (7 e dr

to

t 1/2
< (/ Uilax(K(ta 7-)) dT) ||U’||L§”[to,tf}7 (26)
to

where the third inequality follows from the Cauchy-Schwarz inequality in Ls[to, t¢] [2, pp. 9,10].

Now, squaring and integrating yields

te te te
[cnoraes ([1 [ duenara) o
to to to

S M2||u||i£n[to,tf]' (27)

2
L3 [to,t¢]

Therefore, for all u € L'[to, t¢], it follows that Au € L[to, ;] and [Aull L to.e7 < Mlulleg robe-
Hence, A: L'[to, t;] — Li[to, %] is a bounded linear operator.

To determine the adjoint A* of A, let u € LY'[tg, ;] and v € L[to, t;]. Tt thus follows that
143
(A = [ o0 (A de
t

te te
/ o(O) K (£, 7Yu(r) dr dt
o Jto

_ /: /t KT () Pu() drdt.

Therefore, A*v is given by

(A"0)(7) = /t " KTyt dt. (28)

The Adjoint of a Linear Time-Invariant System

Consider the linear time-invariant system

i(t) = Ax(t) + Bu(t), (29)
z(to) = o, (30)
y(t) = Cx(t) + Du(t), 31)
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where, for all ¢ € [to,t;], x(t) € R™ is the state, u(t) € R™ is the input, y(t) € R! is the output,
and A, B, C, D are real matrices of appropriate size. It thus follows that, for all ¢ € [to, t¢],

y(t) = Celt 1A% (1)) + /t Ce""4Bu(r) dr + Du(t). (32)
In the case where xg =0 and D =0, it folloxt;s that
y(t) = / Ce=7) Bu(t) dr, (33)
which can be written as )
_ / " Kt ryu(r) dr, (34)
where )
K(t, T)—]Itot]( T)CetTAB, (35)

and where [x(z) =1 if z € X and Ix(z) = 0 otherwise.

For all u € L'[to, t¢], (34) can be written as
y = Au, (36)
where A: L'[to, t;] — LL[to, t;] is a bounded linear operator. Using (28) it thus follows that, for
all v € L[to, t¢],
te
(A0 = [ Bea @B C o) de @

to

te T
= / BTet=n4" 0Ty (t) dt. (38)

T

Finally, interchanging the roles of ¢ and 7 yields the adjoint operator
153
(A*0)(t) = / BT 04T (1) dr. (39)
t

It can be seen that (39) differs from (33) in two key ways. First, the integration in (33)) is from ¢,
to t, whereas, in (39), the integration is from ¢ to ¢;. Furthermore, the matrices A, B, C' in (33)
are replaced, respectively, by AT, CT, BT in (39). The first distinction shows that the adjoint
operator operates in reverse time, while the second distinction shows that properties of A, B are

replaced by properties of AT, C'T.

If [ and m are different, then K (¢,7) is rectangular, and thus A cannot be self adjoint. In
the case where [ = m, it follows from the fact that K (¢,7) = 0 for all 7 > ¢ that A is not self

adjoint.

The case where xy and D are not necessarily zero is considered in the next section, where
the linear time-invariant dynamics (29), (31) are replaced by linear time-varying dynamics.



The Adjoint of a Linear Time-Varying System

For ¢ € [to, t;], consider the linear, time-varying system

o(t) = A(t)x(t) + B(t)u(t), (40)
$(t0) = 2o, (41)
y(t) = C(t)z(t) + D(t)u(?), (42)

where z(t) € R", u(t) € R™, y(t) € R\, A(t) € R, B(t) € R™™, O(t) € R*" D(t) €
R>™ and x5 € R™. We assume for simplicity that A, B, C, D, and u are continuous functions
of time. The solution to these equations can be expressed in terms of the state transition matrix
®(t,7), which generalizes the exponential function exp((t — 7)A) to the case where A is a
function of ¢. Details on the state transition matrix are given in “Some Facts on the State
Transition Matrix.” For the following result, see [[1, p. 82] and [14} pp. 46—49].

Theorem 1. Equations (40), (41) have a unique continuously differentiable solution on
[to, t¢]. In particular, for all ¢ € [tg, t],

z(t) = O(t,to)z0 + /t O(t,7)B(T)u(r) dr (43)

to
and

y(t) = C(t)P(t,to)xo + /t C(t)P(t,7)B(T)u(r)dr + D(t)u(t). (44)

to

Since each pair (zg,u) € R™ x LT'[to, ;] gives rise to an output y € L[to, t¢], we define
the Hilbert space 7 2R x L3 [to, t;] with the inner product

2

((a, ), (b,0))g 2 b + / (&) u(t) dt. 45)

to

Completeness of H follows from the fact that Cauchy sequences in H are couples of Cauchy
sequences in R™ and L3'[to, t¢], which converge in their respective spaces. Therefore, (d4) can
be represented by the linear operator A: H — L[to, t;] defined by

t

(A(zo,u))(t) 2 C(t)P(t, to)xo + / C(t)P(t, 7)B(T)u(r)dr + D(t)u(t). (46)
to

It can be seen that A has two parts, where one is defined by an integral and the other is the

multiplication operator (zo,u) — C®; xo + Du, where, for all ¢ € [to, t],

D, (t) 2 D(t, 7). 47)

As shown in earlier, the continuity of B, C', D, and ® implies that A: H — L4 [to, t¢] is bounded.

10



Next, to determine A*: Li[to, t;] — H, define, for all ¢ € [to, t],

/ ct ()u(r) dr,

> It thus follows that, for all (zq,u) € H and v € Li[to, t,

<-’4($07 u)7v>Ll2[to,tf] = <C¢to$0>U>L12[to,tf] + <Du7v>Ll2[to,tf] + (F, U>Lg[t0,tf]

= <C‘I’to$OaU>Lg[to,tf] + <Duav>Ll2[to,tf]

+/t0 /to (CO)2(t, 7)B(T)u(r),v(t)) g drdt

= (20, @4 CT0) Lyt ,tr) + (1, DT0) Lt 4]
/ / ()T (t, 7)TC () o (1) gy drdt

= <f]:0, (I)tOC ’U>L3L[t0,td <u, DT/U>L5”[t07tf]

+ /: <“(7)7/th B(T)Tq)(t,T)TC(t)TU(t)dt>Zm dr

— (0. a(e))p + [ ). (A

to egl

where a: L[ty t] — R™ is defined by

a(v) :/fCI)(T, to) C(T) v (r)dr

to

s« and A: Li[to, t;] — L [to, t] is defined by

Hence A*v = (a(v), Av) € H

(Av)(t) 2 D) Tu(t) + /t f Bt) ®(r,t)* O (1) v(r) dr.

6 Next, note that (51) can be written as

(Av)(t) = D(t)"v(t) + / f Bt)"o(r,t) O (1) v(r) dr

to

_ / B() (7, )"C(r) 0 (r) dr.

to

Using the fact that ®(7, )T = ®(ty,t)T®(7,¢y)", it follows from that

to

te

/ B0 (r, )T C(r) o(r) dr = B() D(ty, )" / (7, 1) " C()To(7) dr

to

= B()"®(to, 1) alv).

11
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(49)

(50)

61y

(52)

(33)



Hence

(Av)(t) = B(t)T®(to, t)Ta(v) +/ Bt)Te(r, )" (—=C (1) )v(r) dr + D(t)Tw(t). (54)

to

Letting ¥ denote the state transition matrix of & = —A(t)"z, it follows from Corollary S1 in

“Some Facts on the State Transition Matrix”’ that
(Av)(t) = B(t)"U(t, to) "a(v)

+ /t B(t)"(t,7)(=C(r)")o(r) dr + D(t) (1) (55)

to

Comparing (53) with (@4), it follows that z(t) 2 (Av)(t) is the output of the linear time-varying
system

p(t) = —A(t) p(t) — C(t)o(t), (56)
p(to) = a(v), (57)
2(t) = B(t)"p(t) + D(t) v (1), (58)

where a(v) is defined by (50). Using Corollary S1, it follows that

p(t) = /t " B )T C () () dr. (59)

which satisfies the initial condition as well as the final condition p(¢;) = 0. Consequently,
can be replaced by the p(t;) = 0. It thus follows that A*v = (a(v), Av) = (p(to), z), where
p and z are, respectively, the state and output of the linear time-varying system

p(t) = —A(t) p(t) — C(t) o(t), (60)
p(te) =0, (61)
z(t) = B(t) p(t) + D(t) o(t). (62)

We thus have the following duality result, which provides a restatement of the adjoint identity

<.A(.750, u)? U>L12[to,tf} = <(CL‘0, u)? A*U>}~I (63)

Theorem 2. Consider the linear time-varying system (0)—@2), where u € L'[to, t¢], and
the corresponding adjoint system (60)—(62)), where v € Li[to, t;]. Then

(y,v) = (x(to), p(to))es + (U, 2)Lpjt0,t7)- (64)

12
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Time Reversal for the Adjoint System

The dynamics of the adjoint system (60)-(62)) involve a final condition rather than an
initial condition. In addition, if A constant and asymptotically stable, then —A™ is unstable.
Both of these concerns can be addressed by reversing the direction of time. In particular, for the
continuous function ¢ — W (t) defined on [to, t¢], let W denote the function ¢ — Wty +tr —1).

With this notation, let s and r denote, respectively, the state and output of the linear time-varying

system
S(t) = A st) + OO (), (65)
s(to) = 0, (66)
r(t) = B(t)Ts(t) + D()T (67)

Then p = s and z = %, and the duality expressed in (64) takes the form

(y,0) = (@(to), s(te))eg + (u, T ) Lpitoe)- (68)

Conclusions and Extensions

The goal of this article was to derive the adjoint of a linear time-varying system as the
adjoint of a linear operator between Hilbert spaces. This objective was motivated by the fact
that the adjoint of a linear system plays a fundamental role in control and estimation theory as
demonstrated in [1]]. In particular, the adjoint of a linear system explains the duality between

controllability and observability, which is a bedrock principle of systems theory.

It was shown that the linear operator defined by a linear time-varying system is bounded—
and thus continuous—but not self adjoint, even in the case of a square linear time-invariant
system. An interesting research topic would be to investigate the implications of the lack of self

adjointness in terms of the spectral properties of the operator.

The development in the present paper was confined to linear time-varying systems on a
finite interval. In practice, however, the infinite-horizon case is important. This case is addressed
in [1, pp. 188-194] through a limiting argument. An open problem is to directly address the
infinite-horizon case by determining the adjoint of a linear system on an unbounded interval.
This extension is challenging since it entails an unbounded linear operator whose domain is a

dense, proper subspace of a Hilbert space.

13
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Sidebar 1: The Costate Equation of Optimal Control as a Partial Adjoint

An adjoint system appears in classical optimal control theory within the context of the
minimum principle, where it is called the costate equation. The costate p(t) appears in the
Hamiltonian H defined by

H(e,up,t) £ Liz,u) +p" f(a,u,1) (S1)
for an optimal control problem with dynamics #(t) = f(x(t),u(t),t) and cost function
J(u) 2 :;L(x(t),u(t),t) dt. The minimum principle states that H(z(t),u(t),p(t),t) is

minimized pointwise in time along the optimal state trajectory and control, where the costate p
satisfies the partial adjoint equation p(t) = —A(t)Tp(t), with the endpoint condition p(t;) = pr
in the case where the state trajectory of @(t) = f(x(t), u(t),t) has a specified initial condition. In
the folklore of optimal control, p is sometimes viewed as a dynamic Lagrange multiplier, where
the dynamics #(t) = f(z(t),u(t),t) are viewed as the constraint (t) — f(z(t),u(t),t) = 0 [10,
p. 187].

Letting 0x(t) denote the solution to the linearized homogeneous dynamics 0&(t) =
A(t)dz(t), it follows that

(1) 5r(1)] = plt) (1) + pl0) (1)
= [—A®) )] x(t) + p(t)TA(t)2(t)
= —p(t)"A(t)x(t) + p(t) T A(t)x(t)
—0. (S2)

Hence, p(t)Tz(t) is constant, and thus p(t) — p(0) and z(t) are orthogonal along trajectories.
The significance of this condition is explained in [15, p. 247] and [16, pp. 326, 327]. As shown
below, the costate p provides a convenient representation of the state transition matrix.

Strictly speaking, the costate equation is not the adjoint of a linear system with an input
and an output. We thus refer to the costate equation as a partial adjoint. The following result is

stated for [ > 1. In the case [ = 1, the matrix P of the partial adjoint is the costate p.

Proposition S4. Let y be given by @#0)-([@2), and let P: [to, tf] — R™! satisfy

P(t) = —A@t)TP(t), (S3)
P(te) = C"(tr). (S4)

Then,
y(ts) = P(to) o + /tf P(T)'B(1)u(r) dr 4+ D(t;)u(ty). (S5)
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Proof. It follows from and that
dt

= —P() A(t)x(t) + P(t) [A(t)x(t) + B(t)u(t)]
= P(t)TB(t)u(t). (S6)

Next, integrating from ¢, to t; and using (S4), @I), and with ¢ = t; yields

/ P B(u(t) dt = Pt x(te) — P(to) x(t)

to

= O(ty)z(te) — P(to) "z
= y(te) — D(te)ulte) — P(to) o,

which is equivalent to (S3). 0

It can be seen that (SJ) is an alternative expression for y(t¢) given by ({#4)), that is,

y(tf) = C(tf)q)(tf7 to)l’o + /tf C(tf)q)(tf7 T)B(T)U(T) dr + D(tf)u<tf). (S7)

to

In order to obtain ®(t, ) to evaluate (S7), equation (S20) must be integrated from 7 to ¢; for
each 7 € [to,t¢]. In contrast, requires only a single backward integration of P. To show
the equivalence of and (S7), Corollary S1 in “Some Facts on the State Transition Matrix”
implies that

P(t) = U(t, t)O(t) " = ®(t, ) C(tr)", (S8)
that is,
C(te)®(ts, t) = C(te)U(t, tr)" = P(t)". (S9)

Replacing C(t;)®(ts,t9) and C(t;)®(t;, 7) in by P(to)T and P(7)T, respectively, yields
(S3).

%
In fact, P can be computed forward. To show this, define Q(t) = P (t) = P(to + t; — t).
Since Q(t) = —P(to + t¢ — t), it follows from that, for all ¢ € [to, L],

1>

Q(t) = Alto + t; — )TQ(2), (S10)
Q(to) = C(tr). (S11)

Note that (S10), (S11)) can be integrated forward in time. However, for online implementation,
future values of A(ty + tf — t) must be known.
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Finally, denoting (40), by the time-varying matrix

A B
¢ D

)

it follows that the adjoint system can be represented by

—AT —CT
BT DT

Then (S13]) can be written as

Vi

—AT _CT
BT DT |’

(S12)

(S13)

(S14)

whose upper left corner corresponds to the costate equation p(t) = —A(t)Tp(t), thus justifying

the name partial adjoint.
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Sidebar 2: Existence and Uniqueness of Solutions to Az = b and ATy = ¢

For A € R™™ let AT € R™*™ denote the Moore-Penrose generalized inverse of A. Let

“R” denote range, and let “N” denote null space.

i)

i11)

(A%

v)

Proposition S1. Let A € R"™*™ b € R", and ¢ € R™. Then the following statements hold:

If A is wide, then Az = b has either zero or infinitely many solutions. Both cases can
occur.

If A is square or tall, then Az = b has either zero, exactly one, or infinitely many solutions.
All three cases can occur.

The following statements are equivalent:

a) Az = b has at least one solution.

b) b e R(A).

c) b= AA"h.

The following statements are equivalent:

a) ATy = c has at least one solution.

b) c € R(AT).

¢) c = AtAc.

v) Az = b has at most one solution if and only if N'(A) = {0}.

(%

vl

)
)
)

ATy = ¢ has at most one solution if and only if A/(AT) = {0}.
If Az = b has at least one solution, then all solutions are given by A*b + N (A).

viii) If ATy = c has at least one solution, then all solutions are given by A*Tb + N(AT).

18



As an alternative proof of Proposition 1, assume that X'(b) and )(c) are not empty. Since
2 b€ R(A) and ¢ € R(AT), it follows from b = AATH, ¢ = AtAc = ATA™ ¢ given by [S1,
Proposition 8.1.7] that A™b € X (b) and A™Tc € Y(c). Therefore, [S1, Proposition 3.7.5] implies

4+ that X'(b) and )Y(c) can be written as

X(b) = ATb+ N(A), (S15)
V(e) = AtTe+ N(AT). (S16)

Now, let x € X(b) and y € )(c). Since, by [S1, Proposition 8.1.7], N(A) = R(I — A*A) and
s N(AT) = R(I — AA™T), it follows from (ST3) and (ST6) that there exist T € R™ and y € R
such that z = ATb+ (I — ATA)T and y = AT c+ (I — AAT)y. Combining these facts yields

flz,c) =c'z
=c'[ATb+ (I — ATA)7]
=cT AT+ (I - ATA)T
=cTA b+ 7 (I — ATA)c
=cTA™D
=cTATb+7" (I — AAT)b
=T A e+ 0T (1 - AANg
=b"[AT e+ (I — AAT )y
=bly
=9(y,b).

s [S1] D. S. Bernstein, Scalar, Vector, and Matrix Mathematics, revised and expanded edition,
Princeton University Press, 2018.
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Sidebar 3: Some Facts on the State Transition Matrix

2 For t € [ty, t¢], consider the linear time-varying system
i(t) = A(t)z(t), (S17)
l’(to) = 2o, (818)

where A: [to, ;] — R™*" is continuous. The solution of (S17), (SI8) is given by
a(t) = ©(t, o) o, (S19)
+ where @ is the state transition matrix given by the following result.

Proposition S2. Let A: [to, ] — R™ "™ be continuous. Then there exists a unique
s continuously differentiable function ®: [t,t¢] X [to, t] — R™*™ such that, for all ¢, 7 € [to, t(],

the following conditions are satisfied:

%@(t T)=A(t)D(t, 7), (S20)

O(r,7) = I,,. (S21)

s Furthermore, for all ¢, s, T € [to, ], the following conditions are satisfied:

det ®(t, ) # 0, (S22)
O(t, 1)t = ®(1,1), (S23)
O(t,8)P(s,7) = P(t, 7). (S24)

The following result gives conditions under which the state transition matrix can be written

o as a matrix exponential despite the fact that A is not constant. A proof is given in [14].

Proposition S3. Let A: [ty,tf] — R™ ™ be continuous, let ® be given by Proposition S2,

> and consider the following conditions:

i) For all t,7 € [to, ts], A(t) = A(T).
1 1) Forall t,7 € [to,te], A(t)A(T) = A(T)A(¢)
iti) For all t,7 € [to, te], A(t) f; A(s)ds = tz A(s) dsA(t)
e iv) Forall t,7 € [to, tr], B(t, to) = elio AT
Then, i) = ii) = iii)) = iv).
18 Development of the adjoint operator requires the following corollary of Proposition S2.
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Corollary S1. Let A(t) and ®(¢,7) be given by Proposition S2, and, for all ¢, 7 € [to, ts],
define W(t, 1) 2 ®(7,t)T. Then, for all ¢,7 € [to, %], VU(t,7) is the state transition matrix of
() = —A(t)Tz(t).

Proof. It follows from (S23) that ®(¢,7)®(r,t) = I,. Differentiating this equation with
respect to ¢ yields
0 0
{a@(tﬂ')] O(7,t) = —P(t,7) aq)(T, t).
Using (S20) yields
0
A)D(t, ) P(7,t) = —P(t, 7) —=P(7,1),

ot
and thus (S23) and (S24) imply that

0
gfl)(ﬁ t)=—®(t,7) A(t)
= —d(1,t)A(t).

Therefore,

0

—U(t,7) = —A)"U(t, 7).

ot
Finally, for all 7 € [to,t], ¥(r,7) = ®(7,7)" = I,. Hence, for all ¢,7 € [ty,t], the state
transition matrix of @(t) = —A(t)Tz(¢) is given by (¢, 7). O
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