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Abstract

We analyze the structure of the linear differential and difference operators associated with
the necessary optimality conditions of optimal control problems for descriptor systems in
continuous- and discrete-time. It has been shown in [27] that in continuous-time the associated
optimality system is a self-conjugate operator associated with a self-adjoint pair of coefficient
matrices and we show that the same is true in the discrete-time setting. We also extend
these results to the case of higher order systems. Finally, we discuss how to turn higher order
systems with this structure into first order systems with the same structure.
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1 Introduction

The linear quadratic optimal control problem with constraints that are given by differential-
algebraic equations (DAFEs) has been discussed in several publications [2, 24, 27, 29]. This is
the problem of minimizing a cost functional

T
J(x,u) = %x(f)TMex(f) + % / (2"Wz + 2" Su+u" STz + u" Ru) dt, (1)
t

subject to the constraint
Ei=Ax+ Bu+ f, z(t) =z €R", (2)

with coefficient functions E, A € C°(I, R™"), W € C°(I,R™"), B € C°(I,R™™), S € C°(I, R™™),
R € CUIL,LR™™), f € C°(I,R"), and M, € R™", where R = RT, W = WT and M, = M!. Here,
[ = [t,7] is a real time-interval and C*(I,R™™) denotes the (-times continuously differentiable
functions from the interval I to the real n x m matrices. Note that for simplicity we omit the
argument ¢ in all matrix and vector valued functions.

It has been shown in [24] that in the case that the differential-algebraic equation has
some further properties, (i. e., if it is strangeness-free as a behavior system and if the coefficients
are sufficiently smooth), then the necessary optimality condition is given by the boundary value
problem

0 B 0] ,[A 0 A B A f
-ET 0 0 7= AT+ 4ET W S x| +] 0], (3)
0 0 0 BT ST R u 0
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with boundary conditions z(t) = 2, E()TA(t) — M.x(t) = 0.

If we denote the associated differential-algebraic equation as &z = Az+ f , then the pair
of coefficient functions (€,.A) has the property that €7 = —€ and AT = A+E. Such pairs of matrix
functions are called self-adjoint pairs, since it has been shown in [27] that this is a property that
is associated with a linear self-conjugate differential-algebraic operator given by L. := £2 — Az.
Note that there may be restrictions to the value z and the weighting matrix M, that need to be
satisfied to guarantee the existence of solutions for (3, see [24].

It has also been shown in [25] for strangeness-free DAEs, and in [2] [29] for special DAEs
with properly stated leading term, that if one just formally writes down the system regardless
of the properties, and if this system is uniquely solvable, then the solution yields the optimal x, u,
but may give a different Lagrange multiplier function .

Remark 1. In many practical applications the state z is not directly accessible for measurements
or observations and typically an output equation

y=Cx+ Du+yg, (4)

with C € CO(I,RP™), D € C°(I,RP™), and g € C°(I,RP) is added to (2). The cost functional is
then typically also stated in terms of the output equation, i. e.,

1 oy 1 . - - _
J(y,u) = 5y(t)TMey(t) + 3 /t (yTWy +yTSu+uT STy + uTRu) dt. (5)

In this case one can just insert the output equation into the cost functional and obtains a
cost functional of the form .

A typical approach in practice for the solution of optimal control problems is the first-
discretize-then-optimize or direct transcription approach, where the optimal control problem ,
i. e., the constraint as well as the cost functional are discretized and then classical optimization
techniques are applied to the resulting constrained optimization problem, see e. g., [3], 4 Bl [7].
This method is easy to implement and it is also easy to include other constraints like switching or
inequality constraints, but, in general, not much can be said about the convergence of the solution
of this optimization problem to the optimal solution of the continuous time problem, see [6], [I§].

Another viewpoint of the first-discretize-then-optimize approach is that of discrete-time op-
timal control. If we discretize the DAE on a time grid t = tg < t; < -+ < ty = t with a
suitable discretization method [8, 19, 23] and approximate the cost functional by an appro-
priate quadrature rule, then we obtain a discrete-time linear-quadratic optimal control problem of
minimizing

N-1
1 1
Ja((x3), (ui)) = im%MexN + 3 Z (%ijxj + ijSjUj + “JTSJT% + UJTRjUj)’ (6)
§=0
subject to the difference equation
Ei+1xi+1 :Azx1+Bzuz+fza fOT’iZO,...7N—1 and xq :geR", (7)

with E;, A;,W; € R*" B, S; € R*™ R, € R™™ and W; = WI, R, = RT for all i and
M, = MT € R™". Note that the matrices in @ usually do not match to the corresponding
matrix functions in at the discrete time points t;, e. g., usually E; # E(t;), 4; # A(t;), etc.
Discrete-time optimal control problems of this form also arise when discrete modeling is
used right from the start or when the system is obtain by a sampling method, see e. g. [22] 30].
In the following = = (), and u = (u;)X, will denote sequences of vectors z; € R™ and
u; € R™ and we will use the notation

R v = {(z:)ilo | i € R"}



to denote the vector space of sequences in R™.

The discrete-time optimal control problem @ can again be seen as a general optimization
problem in Banach spaces, such that necessary optimality conditions can be derived in the same
way as in [T}, 24} 28 B4]. If the constraint equation is strangeness-free, which in the discrete-
time case has been defined and analyzed in [9, [I0], then we can extend previous results in the
constant coefficient case of [34] to show that the necessary optimality condition for ((x;), (u;))
to be an optimal solution is the existence of a sequence of Lagrange multipliers ();) such that
((x4), (ug), (N;)) satisfy the discrete-time optimality system

Eivizipn = Az + Byug + fi,
—EI'Nio1 = Wiz + Siu; — AT\, (8)
0 = Sl + Ryu; — B\,

together with the boundary conditions

Ef Eyxo =z, Af Mo = Woxo + Souo,

Ejj\;'AN—l = _MexNa

see Section [
If we reformulate system as a second order difference equation of the form

0 Eiy1 Of [Aig1 0 -4 —Bi| [N 0 0 0] |Ai-1 fi
0 0 Of (zipa| +|-AT Wi S | |z| +|EF 0 0| |21 =0},
0 0 0 Ui+1 —BiT SlT RZ' U; 0 0 0 U;—1 0

then again a special structure of the sequences of coefficient matrices (denoted in the following by
((K:), (M;), (M;))) can be observed, with the middle coefficient being symmetric and the leading
and last coefficient being transposes of each other, except that the index is shifted by 1. A triple
of matrix sequences with such a structure will be called a self-adjoint triple of matriz sequences,
see Section [l

The paper is organized as follows. In Section [2] we recall the main results of the theoretical
analysis for DAE optimal control problems as presented in [26] and [27]. In Section [3| necessary
optimality conditions for the discrete-time optimal control problem @ are derived. Then, in
Section [ we investigate self-conjugacy of difference operators and show that the operator associ-
ated with the discrete-time boundary value problem fits into this framework. Since we obtain
higher order difference equations in the discrete-time case we also discuss the related optimal
control problem for higher order systems in Section [5] where also structure preserving first order
representations for continuous- as well as discrete-time self-adjoint systems are studied. We close
with some concluding remarks in Section [0}

2 Preliminaries

The theoretical basis for DAE optimal control problems has been studied in many different publi-
cations, see e. g., [2 24], 27, 29 B4] and the references therein. We follow the approach in [24], 27]
in a behavior setting, see [36], and first summarize some of the main results that are needed in
the remainder of the paper.

The behavior approach proceeds by setting

E=[F 0], A=[ 4 B],z:[x]

u
and considering the system in the form

Si=Az+f, (10)



with initial condition | I, 0 ] z(¢) = z. Following the presentation in [24, 27], we assume that
the system is already given in reqular strangeness-free form, meaning that £ and A are of the

form E, 0 A, B f
1 1 1 1
RIS P S
E,y
Az B
erties can always be obtained using certain regularization techniques. For details, see [23, [24].
Since the use of adjoint equations is only reasonable for regular systems we restrict ourselves
to this case. It has been shown in [23] that a regular strangeness-free system has a well-defined
differentiation index v = 1 for every sufficiently smooth input function v and every initial condition
that is consistent with f and that the chosen input function fixes a unique solution.
For a Banach space formulation of , in [24] the Banach spaces Z = X x U and Y were
defined, where

and satisfy the condition that [ } is pointwise non-singular. A system with these prop-

X = Cpip,R")={zeCIR"), EYEz € C'(LR")}, U=C(IR™),
Y = C(I,R") x range E(t)7,

and ET denotes the Moore-Penrose inverse, see e. g. [I7], of the matrix function £ = { %1 ],

together with the dual spaces

7Z* = C(I,R") x C(I,R™) x range E(t) x range E(f)7,
Y* = Ofp+ (ILR™) x range E(t)".

The linear quadratic optimal control problem (I]), (2) can then be written as the abstract
optimization problem

u

%Q(z,z):min! st L(z)=c, z—[m} c—[ 7f ] (11)

where Q : Z x Z — R is a symmetric quadratic form defined by
1| Me O - r| W S
Q(v,z) = v(t) [ 0 0 } z(t) + /Hv [ ST R z dt,

and the linear operators £ : Z — Y and its conjugate £* : Y* — Z* are given by

£6) = (BB B - (A4 BLEE)e - Bu B BWeD).
L*N7y) = (—ETCZ(EEJD\) —(A+ EETE)TA, —BTX\, v — E@)T A1), E(t)T/\(t)> .

It has been shown in [27] that with
R(z) = Wz + Su, STz + Ru,0, M x(t)) € Z*,
and defining the operator
T:Y'XZ—=YXZ*, Tz =(L(2),L(A)—R(2)),
the necessary optimality conditions can be written as
T(A,z) = (c,0) (12)

and that the operator 7 is self-conjugate. Note that coincides with if we assume sufficient
smoothness of the data, see again [24].



Remark 2. The discussed approach can be easily extended to linear higher order optimal control
problems, where one minimizes

1 R T it ,
J(z,u) = ix(t)TMex(t) + §~/t Z (NTW;2D 4 2T Su+u?' STz + wTRu | dt,  (13a)
t j=0

(with & > 1) subject to a constraint given by a k-th order differential-algebraic equation

k
S 43D+ Bu=f, a(t) =20 i) =2',..., 25D (E) = 251, (13D)

§=0
Here, W; = W' € CO(I,R™") and A; € CO(I,R™") for j = 0,...,k. If the leading coefficient
matrix Ay is pointwise nonsingular, then we can apply the classical procedure to turn (13al) and

(13b]) into first order systems by introducing new variables w; = @ for i = 0,...,k — 1, see
also [35]. The formal necessary optimality conditions for the corresponding first order system

then lead to a two-point boundary value problem. With A = [A]_; ... /\(:)F]T partitioned as

w=[wf ... w,:f_l]T we can rewrite the system again as a high order system in (z, i), where
1= Ag—1, yielding a boundary value problem for 2(k — 1)th order equations of the form

k
> AP + Bu=f,

j=0
k ; k—1 ;
& @ , (14)
1V (AT _1y-12 ) — —
Jz::o( 172 (AT ) + FO( 12 (Wa) = su=o,
—BTp+ 8Tz + Ru=0,
with boundary conditions
x(l)(t):f, i=0,1,....k—1,
i : i—1 .
I T g b—itd .
= ZO(_l)]d? (AkfiijM) +ZO(_1)J+ @ (kaiJrjm( H‘j)) , 1 :O,...7k‘—2,
J= J= 7
k-1 ; k-2 ;
- d? . ad? . _
- Z(_l)J@ (A1T+jr“) + Z(_l)ﬁl@ (WHJ‘CU(HJ)) — Mez(1).
7=0 =0 -

t

In this way, we can always construct an even order boundary value problem and the corresponding
DAE operator is formally self-conjugate.

If the weighting matrices W; are chosen to be zero for all ¢ > % if k£ is odd, and for all
7> g if k is even, then all coeflicients in front of derivatives higher than %k vanish.

For constant coefficient problems reduces to a system with an even matrix tuple of
coefficients.

Note that when Ay in is singular, this approach cannot be applied in a formal straight-
forward way, because the first order formulation may change the index. In this case first a so-called
trimmed first order formulation of the higher order system has to be considered, see [13,[39]. Then,
for the trimmed first order formulation we can formulate the necessary optimality conditions and
reformulation as a higher order boundary value problem leads again to a self-adjoint high order
system.

After briefly recalling the results for the continuous-time case, in the next section we prove
analogous results in the discrete-time case.



3 Necessary optimality conditions for discrete optimal con-
trol problems

In this section we derive necessary optimality conditions for the discrete-time optimal control
problem @ subject to . Similar results have been obtained in [34] for systems with constant
coefficients and in [28] for system with properly stated leading term of tractability index one.

Again, we may assume without loss of generality that the difference equation is already
given in regular strangeness-free form, i. e., using the behavior approach by setting

Epi=[Ein 0], Ai=[4 Bi]7zi:[$zj]’

we consider the system in the form

Eiv12ip1 = Az + fs, i=0,...,N—1

| Eiis1 O | A B | fia
&H{ 0 0}’AZ{A21‘ B2i]’fl[f2,i ’

with coefficients

)

that satisfy the condition

[ Eiiv1 O

Asi Ba. ] is regular for all i =0,..., N — 1.

Numerical methods for the computations of strangeness-free formulations of a discrete-time system
(7) have been presented in [9} [10].

To derive the necessary optimality conditions we use the classical approach of appending
the constraint equations to the cost term by means of Lagrange multipliers and introducing
the discrete functional

N—
T T T T T
(z; Wizj + x5 Sjuj +uj S; x5 +uj Rjug)
=0

—

1
2 4

J

T
eyMexn +

DN =

L(('ri)v (u1)7 ()‘i>’ 5) =

N (15)

+ (Ej+1$j+1 — Ajl’j — BjUj - fj)TAj + (E(;FE().’EO — g)Té
0

j=

Here, as in [24], we apply the projection onto cokernel Ey for the initial value x in order to meet
the consistency requirements for algebraic components.

The necessary conditions for a minimum are given by the requirement that the gradients of
L with respect to all unknowns vanish. We have the following gradients

VL= (Eij12iy1 — Ajwi — Biug — f;)7 =0, i=0,...,N—1,
VoL = Woxo + Souo — Ad Mo + (B Eg)Td = 0,

Vo, L = Wixi + Siu; + EF N1 — AT\ =0, i=1,...,N—1,
Vaonl = Mexy + EXAn_1 =0,
Vo, L =82 + Ruu; — BF\; =0, i=0,...,N—1,

VsL = (Ef Egrg — )T =0,

giving the necessary optimality conditions

Eiv1wiy1 — Ajwy — Biu; — fi =0, i=0,...,N -1, (16a)
SiT.Ii—FRiui—BiT/\i:O, i1=0,...,N—1, (16C)



together with the boundary conditions

Woxo + Soug — Ang + (EJE())T(S =0, (17&)
MexN + EJT\;AN—I = 07 (17b)
E0+E0.’170 = X. (17C)

These necessary conditions can be written (in a rather formal way) as a three term recursion of
the form

0 Eiy1 0 0| |41 0 —A;, —=B; 0] [N\ 0 0 0 O] [A-1 fi
0 0 0 0 Ti+1 —A? Wl Sz 0 €T; + ElT 0 0 O Ti—1| 0
0 0 0 0| |ur -BI' ST R, 0] |u 0 0 0 0| |ui—q| |O]°
0 0 0 0 1 0 0 0 0 ) 0 0 0 O ) 0
(18)
fori=1,...,N — 1, with boundary conditions
0 FE, 0 0Of M 0 —Ay —DBy 0 Ao fo
0 0 0 Of far| . AL Wy, Sy (EFE)T| x| |0
0 0 0 0 Uy *Bg Sg Ro 0 Uuo - 0|’
0 0 0 O ) 0 EJEO 0 0 é x
and
0 0 0 0] [An 0 0 0 0] [An-1 0
0 M. 0 0| [zn i EIT\} 0 0 Of [zn=1| _ 0
0 0 0 0] |un 0 0 0 Of |un_1| 0
0O 0 0 0 1) 0 0 0 0 6

Here, the additional Lagrange multiplier ¢ is used to couple the initial condition to the functional
, in general is chosen as § = 0. Since ¢ is of no concern in , in the following we will omit
the last block row and column of .

If we look at the structure of the system , then we observe that the middle term is
symmetric while the leading term is the transpose of the last term with the index shifted by one.

Remark 3. In a similar fashion we can treat the discrete-time optimal control problem of mini-
mizing

=

1 1
Ja((xze), (ug)) = iz%MexN + 5 (I?le‘j + ijSjuj + ujTSjT:z:j + u]TRjuj) , (19a)

J

I
o

subject to the k-th order discrete-time control system

k

Mi[:]_jxi+j+BjUj :fj7 7=0,1,...,N — k, (19b)
i=0
with given starting values for zg,z1,...,2x,—1 € R™ and coeflicient matrices M]w e R™" for
i=0,....k, B e R"™, j=0,...,N, see e. g. [1I] for the constant coefficient case. In this case

the Lagrangian takes the form

N-1

1 1
L((we), (ue), (Ae), 0) = SakeMean + 5 3 (2] W + 27 Sju; + g Sy +uf Ryug)
5=0
N—k [ k r k=1 T (20)
+ Z (Z Mi[ﬂjmi+j + Bju; — fJ> Aj+ Z ((MJ[J])+MJ[]]$J _ £j> 6]’
j=0 \i=0 Jj=0



and the necessary optimality conditions are given by

T
(Z sz+e+Bgu¢ fe) =0, £=0,...,N—k,

k—0—1
VoL = Were + Seug + > MITA ,+((MW)+MW> S =0, £=0,... k-1,
1=0

k
Vo L = Wezg + Spue + > MITA_; =0, ¢=k,...,N—F,
=0

k
Vo L = Wozg + Seug + > M\ =0, ¢=N-k+1,...,N -1,
=0
_ k" _
VanLl = Mexn + ( My An_k =0,
VL =82+ Rug+BI'N\=0, £=0,...,N —k,
VL =82+ Ruy=0, ¢=N—-k+1,...,N—1,
. . T
Vs, L = ((MJ[J]WM}”% —@]) -0, j=0,... k1.

This yields the optimality boundary value problem

0 MM, 0] [Aesw 0 M, 0] [Aen 0 M By| [A]
0 0 Of [zewn| -+ [0 0 Of |zewr| + |(MHT W, S| |z
0 0 0] [we+k 0 0 0] |ue BY ST Ry| [ue]
0 0 0] A1 0 0 0] [Ae—k] e
+ T 0 o wea |+ [T 0 0] [mew| ={0],
0 0 0] |ue 0 0 0] [usx| |0

for £ = k,..., N —k, together with the corresponding boundary conditions. (Note that, as before,
we have omitted the variables §; for better readability.) Again, we observe a symmetry of the
middle coefficient, while the leading and final coefficients have a transposed structure with shifted
indices.

In the following, we will show that the difference operator arising in the optimality system
is self-conjugate with respect to suitably chosen dual system and corresponding Banach spaces.

4 Self-conjugate Difference Operators

In order to show that the difference operator arising in the optimality system is self-conjugate,
we adapt the proof from the continuous-time case in [27] to the discrete-time case. As in the
continuous-time case we restrict ourselves to regular and strangeness-free systems. Then, we can
rewrite the discrete optimal control problem @, as

S0u(z0), () = minl st La((2) = (c0),

(2

quadratic form defined by

with (z;) = ‘ and (c; K , where Qg : Z4 X Zq — R is a discrete symmetric
ith o d J; here Qg : Zg X Zg — R is a d

ERIEHE S

=0

Qul(vs), (2:)) = vy

BE
Do

[



In view of the results from Section [3] we obtain that the linear difference operator L, : Zqg — Y,
for the constraint @ is given by

L4((z:)) = (Big1zi41 — Aizi — Byug, Ef Egxo), (21)
with the Banach spaces Zg = X4 x Uy and X4, Uy, Y4 given by
Xa=Riy, Ug=R{'y_; and Yq=Rfy_; xrangekF;. (22)

In the next step we need to define a dual system (Zq4,Z}) and (Yq,Y}). Keeping in mind
the necessary optimality conditions , we define the Banach spaces

* __ on m T T
a=R{ n_1 xRg'n_; xrange E; x range Ey,

23
1= R{ y_q x range El. (23)
to obtain the bilinear systems (Zg, Z3) and (Y4, Y5) with the corresponding bilinear forms
N—1 N—1
((z0), ((m), (9:),0,¢€)) = njwj+ ) Uiuj+ 0Tz +elan, (24)
j=1 7=0
N—1
<((gz)7 ’I"), ((/\Z)a 7)> = /\jTg] + ’YT7"7 (25)
7=0

for (z;) € Zq, ((m:), (%),0,€) € Z%, ((9:),7) € Yq, and ((X;),y) € Y. In the following we show
that these bilinear systems are dual systems, i. e., the corresponding bilinear forms satisfy the

conditions
(,2*) =0 forallz iff a*=0,
(x,2*) =0 forall z* iff x=0.

Theorem 4. The bilinear systems (Zq,Z5) and (Y4, Y};) with Banach spaces as in (23), and
corresponding bilinear forms as in , are dual systems.

Proof. Consider the bilinear system (Y4, Y7) with its bilinear form given in . In the following,
we use the standard observation that if (f;) € Rf x and ((fi), (9:)) = Ejo ijgj = 0 for all
(9:) € Ry y, then f; =0 for all i = 0,..., N. Let y* = ((\;),7) € Y} be fixed and assume that

N7
W) =D Ag+1"r=0

[

<

for all y = ((gi),r) € Yq. Choosing g; =0 for all i =0,..., N — 1 and r = 7 gives vy = 0, hence
~ = 0. Therefore, Z;.\!Ol )\?gj = 0 for all (g;) € Rf y, and hence \; =0 for all j =0,...,N — 1.
Let y = ((9:),7) € Yq be fixed and assume that
N-1
Wy =D Mg +1"r=0
§=0
for all y* = ((\;),7) € Y%. Choosing A\; = 0 for all i = 0,...,N — 1 and v = r gives rTr = 0,
hence r = 0. Therefore, Z;V;(f ATg; =0 for all (\;) € R{ N1, where (g;) € Rj y_; and hence,
gj=0forj=0,...,N -1
The proof for (Z4,Z}) follows the same lines. O

If (Z4,Z}) is a dual system, then we know that the operator £4 has a unique conjugate
operator L% : Y5 — Z% (see also [27]) that is given by

Li(((N),7) = (B Nzt — ATN), (=BT X)),y — AT N, EXAN-1). (26)



Theorem 5. The operator L) : Y}, — Z7 defined by (@) is the unique conjugate of Lq: Zq — Y4
defined by .

Proof. Let (z;) = ((z;),(u;)) € Zq and A = ((\;),7) € Y. Using that Ej Egy = v (since
v € range EX and Ej Ej is a projector onto cokernel(Ey) = range(E{)), we have

N-1
(La(zi),N) = > A (Bjpimjpa — Ajz; — Bjug) + 7" Ef Eoxo
§=0
N-1 N-1
= ()\;Z-llEjiEj — )\;FA]xJ) + )\%71EN‘TN — Z )\‘TB]'U/J — Angxo + ’YTE(TEOIEO
j=1 =0
N-1 N-1
= > (BTN = A7) T2+ > (=B A) Ty + (v — A§ o) w0 + (ExAv—1)"an
j=1 Jj=0
= ((2i), L3(A)).
O
Finally, we can define an operator Tg : Y} x Zq — Yq x Z; of the form
Ta(A, (2i)) = (La(zi), L3(A) + Ra(z:)), (27)

with
Rd(zi) = ((VVlﬂl‘z + Szul), (Sszz + Riui), Woxo + Soug, MEJTN) S Z:;

That means, for (z;) = ((z;), (w;)) € Zg and A = ((\;),7) € Y}, we have
Ta(A, () = ((Bigawipr — Aiw — Bowi), Ef Eoxo, (EF N1 — AT + Wiz + Syuy),
(=B X + S @i + Riwg), v — Af Ao + Wozo + Souo, ENAN—1 + Mexn)
and with v = (Eg' Ey)T'6 the necessary conditions , can be written as
TalA, () = ((c).0). (28)
In order to show that the operator 7y is self-conjugate we introduce the spaces
Va=Y} xZg, Wg=Y,4 xZj,

and set V; = Wy, W = V4. Then, by construction, we have 74 : V4 — W, and also 74 : W) — V7.
Obviously, the pairs (V4, V) and (Wg, W) are dual systems with respect to the so-called canonical
bilinear form

<(y*,z), (y72*)> = <y7y*> + <Z7Z*> = <(y72*)’ (y*,z)) (29)

Theorem 6. The operator Ty as defined in is self-conjugate with respect to the canonical
bilinear form @, i. e., we have

(Ta(v),0) = (v, Tq(D)) for allv,v € Vq.
Proof. Let v = (A, (z)) € Vg and o = (A, (%)) € V4. Then

(Ta(A, (20)), (A, (22)) = ((Lal(z)), £3(A) + Ra((20)), (A, (2)))
= (La((2:)), A) + {(z), Ra((z0))) + {(Z:), £3(A)),

as well as

(A (), Ta(A, (2)) = (A, (20)), (La((Z), Lo(A) + Ra((2:))))
= (La((2:)), A) + ((2:), Ra((2:))) + ((z:), LG(A))-
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Since L) is the conjugate of L4 and because of

((Zi)s Ra((21))) = Qa((z:), (2:)) = Qa((2:), (1)) = ((2i), Ra((Z:)))

due to the symmetry of Q4, the two expressions are equivalent. O

We want to emphasize again, that coincides with , . In particular, the opti-
mality system can be written as with the corresponding boundary conditions, i. e., as a
three-term recursion of the form

Kivigr + Njvi + My =g;, i=1,...,N—1, (30)
with IC;, N, M; € R%* and inhomogeneity g; € R’ for all 4, together with the boundary conditions

Kovi +MNovo = go,
Nyun + Myoy—1 = gn (31)
This observation leads to the following definition.

Definition 7. Let ((K;), (M), (M) be a triple of R4 matriz sequences, then the triple of matriz
sequences (M7 1), W), (KL,)) is called the adjoint triple of ((K;), (N;), (M,)).

We have the following property of adjoint triples.

Proposition 8. Let ((K;), (N;), (Mi)) have the adjoint triple ((M7,1), (N), (KL,)). Then, the

—1
matriz triple (ML), V), (KI,)) has an adjoint triple which is given by ((ICZ), (M), (My)).

Proof. The adjoint of ((MZ, ), (NT), (KL ,)) is given by

(K 152) M), (V) (M _)T)) = (), (NG), (M) -

This observation leads to the definition of self-adjoint triples of matrix sequences.

Definition 9. A triple of matrices ((K;), (N;), (M;)), is called self-adjoint if the following two
conditions are satisfied

Ki=M%L, and N;=NI for alli. (32)

Note that for a triple of constant matrices, condition reduces to M = KT and N =
NT i e., in this case a self-adjoint triple corresponds to a so-called palindromic matriz triple
(M, N, MT), see [31].

A self-conjugate system of the form
MzT—i-lvi-‘rl +-/V;Ui‘F-/\/livi—l = 9i, 1= 17"'aN7 17 (33)

with boundary conditions as in can always be written in the form

(No MT 1T vo ] [ g0 ]
M M M;F U1 g1
Mo Nz Mf{ V2 g2
: . Sl= (34)
Mpy_1 Nyor ME| |ovaa gN—1
i My Ny | | on | L 9N ]

with symmetric system matrix.
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Remark 10. The described concept of self-conjugate difference operators is in accordance with
self-conjugate difference equations given in the form L4((z;)) = (A[PAx;_1] + Q;z;);, where
Az; :=z;41 — x4, with P, = PT" and Q; = QT see e. g., [1, 21]. Here we have Ly =Lq.

Remark 11. We can also consider linear difference operators of order k = 2u, p € N defined by
k
Ly:V =W, La((x:) = Aj(i)wipsy, foralliel, (35)
j=0
for an index set Z C Z, with matrices A;(i) € R™" for j =0, ...,k defined for all 7 and sequence

spaces V and W given by

vV = {(xi)ieI7 T; € Rnl Bj((l‘l)) =0 fOI‘j = 0, RN 1},
W = {(vi)iez, i €R"}.

With index set Z = {—pu,..., N + u} the boundary terms are given by
Bj((z;)) = {Azij(i—u—l—j)Ak,j(i—,u—i—j)wi =0fori=N+1,....N+pu—7j,

AT()A;()wi—pyyj =0fori=0,...,p—1—j}.

J

Then, the (formal) adjoint operator L} : W* — V* is given by
k
La((y:)) = Z Ag—j(i — B+ J)Yimpts
§=0

with sequence spaces

V* = {(xi)iez, ©i € R"},
W* = {(yi)iEIa Yi € R™ | B;((yl)) =0 fOI‘j =0,...,0— 1}

and boundary conditions

B2 () = {Ak 50— 1+ DAL — i+ i pers =0 for i =0, =15,
AJ(Z)A;r(z)yZ =0fori=N+1,...,N+u—j}

The difference operator is (formally) self-conjugate if and only if
V = {(zi)iez, zi € R"| Bj((v;)) = B ((z;)) =0 forall j =0,...,u—1}
and
Aj(i)=Af_;(i+j—p) forallj=0,....k i€Zy=A{0,...,N}. (36)

For constant coefficient systems, the condition of self-conjugacy again reduces to A; = AT j
for j =0,...,k and thus a self-conjugate difference operator is given by a palindromic system

ﬁd(l‘) = AOxi—u + Alxi_u_H —+ -+ AN.’L‘i + -4 ATIH_N_;L + Ag.’lii_;,_u.

Following [9, [10] we can simplify matrix sequences associated with the coefficients of differ-
ence equations by equivalence transformations that consist of scaling the equation with
nonsingular matrices P; € R%¢ and by performing a change of variables v; = Q;y; with nonsingular
matrices Q; € RS, This gives a transformed difference equation

Kiyit1 + Niyi + Miyi_1 = P,gi,

12



with

Ki=PKiQis+1, N;=PNiQi, M;=PM;Qi_,.
Taking a look at the behavior of the adjoint of the triple of matrix sequences under equivalence
transformations and assuming that ((KC;), (N;), (M;)) possesses an adjoint triple, we see that
(K1), (M), (M) possesses an adjoint triple as well, which is given by

((MZ+1)7 (j(/iT)ﬂ (’6?,1)) = ((Q;M?Jrlpgrl% (QZTMTPiTL (erlcgllpijil))a

i. e., the adjoint triple of the transformed triple is equivalent to the adjoint triple of the original
triple.

In order to preserve self-conjugacy of the operator, i. e., self-adjointness of the triple of
coefficient sequences, we have to preserve the symmetry of A; and, hence, we have to require that
P, = QT i. e, that the transformation is a (time-varying) congruence transformation. We then
have the following Lemma.

Lemma 12. Consider a self-adjoint triple of matriz sequences ((K;), (N;), (M;)) with K;, N;, M; €
R and apply a congruence transformation with a sequence of nonsingular Q; € R%*, leading to
the triple

(), (N7), (M) = (QTKiQit1), (QTN;Qi), (QT M;Qi—1)).

Then the triple ((K:), (NG), (M) is again self-adjoint.
Proof. The condition for N is trivially satisfied and for K; and M; we get
Ki=QTKiQis1 = QI ML Qi1 = ML, .
O

In order to understand the solution behavior of linear matrix sequences, one usually com-
putes canonical or condensed forms under the associated equivalence transformation. For constant
matrix pairs the general canonical form under equivalence is given by the Kronecker canonical form
see, e. g., [16] and the condensed form is the staircase or GUPTRI form [14] 15} [38]. The canonical
form under congruence transformations for even pencils has been given in [37] and the condensed
form in [I2]. For palindromic pencils this form has been derived in [20]. The canonical form for
time varying pairs under equivalence has been presented in [I0]. For matrix triples such canonical
forms in general are not known even for constant triples. Recently a condensed form which reveals
partial information has been presented [13], as well as special structured Smith forms [33, 32]. For
systems with variable coefficients such canonical or condensed forms are an open problem.

5 Structure Preserving First Order Formulations

The problem of deriving structure preserving first order formulations for higher order systems has

been an active research field in the last years, see e. g. [11], BI]. Since often numerical software

is only available for first order systems, it is important to preserve the specific structure of a

given problem when it is transformed into an equivalent first order formulation. In this section we

discuss first order formulations in the case of systems with self-adjoint coefficient triples.
Consider a linear k-th order differential-algebraic operator of the form

k
L:Z—=Y, zw— L(z)= ZAiZ(i), (37)
i=0

with a tuple (Ay, ..., Ag) of sufficiently smooth coefficient functions A; € C°(I, R™") and function
spaces

Z={z€ C'(LR") |Af Axz € C*(ILR"), Bi(z,t) =0, i=1,...,k},
Y = C°(I,R"),
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with boundary conditions given by

Bi(z,t) = {(Ain)<f>z<i+1>\i —0, forj=0,....i—1, £=0,... ,j} .

fori=1,...,k.
The unique conjugate operator L£L* : Y* — Z* is then given by
k d k o d . o
L(y) = Yo (1) 2 (ATy) = Y1) Y ()N Dy,
=0 i=0 =0

with function spaces

Z* = C°(I,R™),

Y* = {y € CO(LR") | Ay A}y € CF(I,R™), Bf (y,£) =0, i=1,...,k}
and boundary terms

B (y,7) = {(AiAj)“)yU*%: 0, for j=0,...i—1, {= 0...,j}.

In this setting, the conditions for self-conjugacy of the operator L are given by

k k

Ae =312 ) (AN = 37 (—1)i () (AT) 0 (38)

i=0 i=t
for £ =0,...,k (using that (;) =0 for j < 0), defined on a domain
Z ={z € C°(LLR")|A} Az € C*(I,R™), Bi(z,t) = Bf (2,1) =0, i=1,...,k}.
In the special case k = 1, these conditions simplify to
Ag=AT — AT A =-AT
with boundary conditions
(A1A)zl; =0, (A A1)z] =0.

For constant coefficient systems the conditions read Ay = (—1)‘3A£T for £=0,...,k, i e., the
matrices are alternating symmetric/skew-symmetric. This corresponds to the case of even matrix
tuples, see [31), 33].

Note that in contrast to Definition here for simplicity the zero boundary conditions are
incorporated into the domains Z and Y*.

For these formal self-conjugate operators we obtain the following result.

Theorem 13. Any self-conjugate linear k-th order differential operator L as in with coeffi-
cient functions that satisfy the conditions (38|) can be written in the form

£l = Y1) (aT2). (39)

=0
where the leading coefficient matriz satisfies Ay = (—1)* AL

Proof. Using the condition for self-conjugacy given in , the differential operator can be written
as

k

E k ‘ 0 A ' ‘
£o= 30 (AT = 3 S (AT = Sy (aT).

£=0
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For further investigations it turns out to be useful to split a self-conjugate differential
operator into even and odd order parts.

Theorem 14. Any self-adjoint linear k-th order differential operator L as in with coefficient
functions that satisfy the conditions can be written as a sum of differential operators of the
form

Lau(@) = (Po,a®) ), (40a)

Lo 1(2) = Qa1 ™)) 4 (Qoy 1z 1) (40b)

with matriz valued functions Py, = Pi, € C*(I,R™") and Q2,1 = —Q%,_, € CY(I,R™") for

v=0,...,4, where,uzg if k is even anduz% if k is odd.

Proof. We prove the statement by induction. For k = 1 we have

. 1d 1 . 1.
E(ZC) = A](E + AO-’I? = §dt (Al.’E) 5(141([}) + (A() — 5141)1’
with Q1 := A; skew-symmetric and Py := Ag — %Al symmetric (due to ) Similar, for k£ = 2

we have
d .
dt (AQSL‘) (A]_ — AQ)J} + Ao.fL'

= 2 (Aa0) + 5 (A1 = A)e) + 2 (A1 — A2)i) + (Ao — £ (Ar — An))a,

with P, = Ay and Py := Ag — %(Al — Ag) symmetric, and Q1 = Ay — Ao skew-symmetric (due to
B8))-

Now let L(x) = Zf:o A;2 be a self-conjugate differential operator and assume that k = 2
is even. The conditions in imply that A, = AL, and we can write the operator as

dm s . .
£la) = g () = <M> AP 4 Ay a® D oy A+ Agz
1=1
dr k—1

-4 (Akxw)) + 5" A,a®),

=0

with A4; = A; — (*)AF™ fori=k—p,...,k—1,and A; = A; for i = 0,...,k — p— 1. If we
subtract from L(x) the self-conjugate expression

ar

T — (Apa™) = Apa® +Z A(a) (k=3),

['2u( )

(i. e., P, = Ay), then we obtain again a self-conjugate expression

L(x) = L(z) = Lop(x ZAM Z 1) AY) gk
j=1
p—1

7ZA133 >+Z Y AETD) @

of odd order k — 1.
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If k =2 — 1 is odd, then we have Ay, = —AT. By subtracting from £(x) the self-conjugate
expression

1
Loy—1(x) = 3 {(Akx(u—l))(u) + (Ak:c(“))(“—l)}
LIS A sz1 )
k " k—i 1 i
= Apz® + 3 (Q)Akj 29 4 (uj )Ak,] )
j=1 j=1

(i. e., Qr = Ag), then we obtain a self-conjugate expression
B k—1 . 1 " ) 4 p—1 ) ‘
L(w) = L(w) = Loy (@) = Y Aw® = 2 | 37 (AP 2® 4+ 37 () AP ¢
i=0 j=1 j=1

of even order k — 1.
Due to the inductive assumption, a self-adjoint operator of order £ — 1 can be written as a
sum of expressions of the form (40a)) and (40bf). This completes the proof. O

In the following, we say that a self-adjoint differential operator is in partitioned form, if it
is given by

Cla) — S o Low(@) + 30 Loy_1(z), if kis even with r = &, m
(1‘) - r—1 L r . . . _ k41 ( )
Yov—oLov(x) +>0, 1 Loy_1(x), if kis odd with r = 5=,

Example 15. For a linear second order differential operator of the form
Mi+C:+ Kz = f, (42)

with coefficient functions M, C, K € C(I,R™"™) that are sufficiently smooth and satisfy the condi-
tions

M=M" C=02M-C)", and K=(M—-C+K)T, foralltel,

the formulation is given by

d—g (MT(E) _ 4 (CT.’IJ) +KTe=f
dt? dt ’
and the partitioned form (41]) by
d 1d 1
P, — (Paa - — -1z = f. 43
0a + = (Po) + 5 (Quz) + S1d = f (43)

with Py := K — 3(C' = M), P» := M, and, @, := C' — M.

In order to derive structure preserving first order formulations, we assume that the leading
matrix Ay is pointwise nonsingular. Otherwise, the task is more complicated, and we have to
consider trimmed first order formulations, see [39].

In the second order case (using the notation of Example , introducing in the new
variable v = &, we get

d ) d .,
%(PQJT) = %(PQ’U) = P2U+P2U,

yielding

. 1.
Py + Pyv + Pyx + 5@11‘ + Q12 = f.
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This gives the first order system
0 —p)[0] [P 0 J[]_[o
P Q1] |2 Py Py+3Q1] | f

oo ot i)+l W] F) <[

| S — —_————
& A

or equivalently

with a self-adjoint pair of coefficient functions (£,.A).
Similar, for a third order system in partitioned form

d2

prEL

Qui) + 5(@ad)| = 1

with nonsingular leading matrix Q3 = As, by introducing v, = &, and vo = 01 = & we get

%(Q?@) = %(stz) = Q3v2 + Q309,

as well as
d2 . d2 d . . - - .
@(Qsl’) = @(stl) = @(QSUl + Q3v2) = Q3v1 + Q301 + Q3v2 + Q302,
d . d . .
%(PQJ?) = @(ngl) = P2U1 + PQ’Ul.

Altogether this yields the first order formulation

0 0 Qs | [v2 0 —Qs 0 vz 0
0 Q3 —P+3Q3| 01| + Qs Pr—3Qs 0 vi| = |0
Qs P2+ 3Q3 Q1 T Qs P2+3Q3 Po+3Q1] [© /

or equivalently, using Qg = Ag, P2 = AQ — %Ag, Ql = Al — AQ +A37 P() = Ao — %Al + %AQ — %Ad,

0 0 A3 . ’[)2 0 —Ag . 0 (%) 0

0 —Ag —AQ + 2143 ’(')1 + Ag Ag - 2A3 0 v1| = 0

Ag A2 — Ag A1 — A2 + A3 z A3 A2 — A3 AO T f
5 A

and again the matrix pair (£, .A) is self-adjoint, since Ay, ..., Az satisfy the condition . It is
obvious, but rather technical, how to extend this construction to higher orders k > 3.

In the discrete-time case the situation is somehow different. For odd order difference opera-
tors there does not exist a self-conjugate operator corresponding to the definition given in Remark
since a two-term recursion can never be written in the form with symmetric system matrix.

Nevertheless, we can derive an equivalent two-term recursion with similar structures as in
the constant coefficient case, see [I1].

Example 16. For a second order self-adjoint difference operator with constant coefficients
Mz 1+ Nx; + MTZCi+1 = fi,

by setting v; := z;11 we have the palindromic first order form
MT N - M (Y + M M Vi—1| _ fi
ME - MT | |y N-=MT M| |zie1| | fi]”
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see [31].

Proceeding like this in the case of variable coefficients, for a self-conjugate system (33]) we

obtain

b a2 L, ][]
MZT_H M;*F_H T M—Mﬁ_l M| |zia| | fi]

For the special case of difference equations from optimal control problems in (omitting the
last row and column) by shifting the first block row we get

0 E, 01 [M 0 —Ap_1 —Bi—1| |Mx—1 fr—1
—Az Wy, Sk TE| + E;{ 0 0 Th—1| = 0 , k=0,...,N—1,
—Bg Sg Rk Uk 0 0 0 Uk—1 0

similar to the BVD-pencil structure introduced in [I1].

6

Conclusion

We have shown that the necessary optimality conditions for discrete-time linear quadratic control
problems with variable coefficients leads to self-conjugate difference operators associated with self-
adjoint triples of coefficient functions, thus achieving a similar result as in the continuous time case.
We have also extended these results to higher order differential or difference equation constraints
and shown how first order reductions can be carried out that lead to first order systems with the
same structural properties.
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