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Abstract

This paper obtains an explicit solution to a finite horizon min-max optimal control problem where the system is linear and
discrete-time with control and state constraints, and the cost quadratic; the disturbance is negatively costed, as in the standard
Ho problem, and is constrained. The cost is minimized over control policies and maximized over disturbance sequences so that
the solution yields a feedback control. It is shown that, under certain conditions, the value function is piecewise quadratic and
the optimal control policy piecewise affine, being quadratic and affine, respectively, in polyhedra that partition the domain of

the value function.
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1 Introduction
1.1  Background

Explicit solutions to constrained optimal control prob-
lems appeared in the papers [1-3] that deal with the con-
strained linear-quadratic problem, in the papers [3-7]
and thesis [8] that deal with hybrid or piecewise affine
systems, and in papers that deal with min-max opti-
mal control problems [9-13]. In these papers it is shown
that the value function is piecewise affine or piecewise
quadratic (depending on the nature of the cost function
in the optimal control problem) and the control law is
piecewise affine, being quadratic or affine in polytopes
that constitute a polytopic partition of the domain of
the value function. When disturbances are present, it is
necessary to compute the solution sequentially using dy-
namic programming as in [14, 15]; papers [10, 11,13, 16]
(that deal with state constraints) give recursions for the
domains of the value functions. In this paper, which is
motivated by recent research on H,, model predictive
control [17-25], we characterize the solution to a con-
strained, min-max optimal control problem (in the sense
of determining its most important properties) and dis-
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cuss its use in receding horizon control. The term H,
is used somewhat loosely since we consider the min-max
problem with fixed p (see (1.4) below). We consider,
therefore, the problem of controlling a linear, discrete-
time system described by

rt = Az + Bu + Gu, (1.1)

where x € R” is the state, u € R™ the control and
w € RP an additive disturbance (the ‘adversary’); z ™
is the successor state. We frequently write the system
dynamics in (1.1) in the form

where f(z,u,w) = Ar+ Bu+Guw. The system is subject
to hard control and state constraints v € U, * € X
where U C R™ and X C R" are polytopes; each set
contains the origin in its interior (the assumption that
X is a polytope rather than a polyhedron 3 is made for
simplicity). The disturbance w is constrained to lie in
the polytope W C RP that contains the origin.

Let 7 2 {uo(-), (), ..., un—1(-)} denote a control pol-
icy (sequence of control laws) over horizon N and let

3 In this paper, a polyhedron is a closed set described by
a finite set of linear inequalities; a polytope is a bounded
polyhedron and is, therefore, compact.
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w 2 {wy,wy,...,wy_1} denote a sequence of distur-
bances. Also, let ¢(i; z, m, w) denote the solution of (1.1)
when the initial state is x at time 0, the control policy is
7 and the disturbance sequence is w, so that ¢(i; x, 7, w)
is the solution, at time 7 of

The cost Vi (x, m, w), if the initial state is z, the control
policy 7 and the disturbance sequence w, is

N—1
Vn(z, 7, w) = fol,uz,wl + Vi(xn) (1.3)
=0

where, for all i, z; £ ¢(i;z, 7, w) and u; = p;(z;); Vi (+)
is a terminal cost that may be chosen, together with
a terminal constraint set X; defined below, to ensure
stability of the resultant receding horizon controller (see
§7). The stage cost £(+) is a quadratic function, positive
definite in  and u, and negative definite in w:

U, u,w) < (0*/2)|w]* (1.4)

(1/2)|2[G + (1/2)|ulf —

where p > 0, |2]? £ 2/z, [2|% £ 2/Z2, and Q and R are
positive definite. The stage cost may be expressed as

U, u,w) = (12 = (0*/2)lwl?, y = Hz  (15)
where z £ (2,u) and H is a suitably chosen matrix
((x,u) should be interpreted as a column vector (2, u’)’
in matrix expressions). The terminal cost V() is either
a quadratic function Vy(z) £ (1/2)\1‘\% in which Py is
positive definite, or a strictly convex piecewise quadratic
function (see Definition 2). The optimal control problem
Py (x) that we consider is

Vy(z) = ﬂehnj(m)vrvneav)\(} Vn(x,m, w) (1.6)

Py(x) :
where W £ W is the set of admissible disturbance
sequences, and Iy (x) is the set of admissible policies,
i.e. those policies that satisfy, for all w € W & W,
the state and control constraints, and the terminal con-
straint xy € Xy. Inclusion of the hard disturbance con-
straint w € W is required when state constraints are
present since, otherwise, we can expect that, for any pol-
icy m chosen by the controller, there exists a disturbance
sequence w that transgresses the state constraint. The
terminal constraint set X is a polytope, containing the
origin in its interior, that satisfies Xy C X, ensuring
satisfaction of the state constraint at time N. Hence the
set of admissible policies is

Iy(x) £ {m | o(iz,m,w) € X, pi(¢(isz,m,w)) €U,
Vi e {0}UZn_1,0(N;z,m,w) € Xp, Yw e W} (1.7)

where, for each integer J, Ty £ {1,...,J}. Let Xy de-
note the set of initial states for which a solution to Py (z)
exists (the domain of V(+), the controllability set), i.e

v = {z | Iy (2) # 0}.
1.2 Outline of the paper

Because of uncertainty (in the form of the additive
disturbance w), the solution to the problem must be ob-
tained by dynamic programming. In §2, we present the
dynamic programming equations for the constrained
min-max problem. At each time-to-go j (j ranges from 0
to N), a min-max problem must be solved; this may be
decomposed into a max problem Py, (z) followed by a
min problem Py, (). Also in §2 we define two operators
I'z and ¥ mapping value functions into value functions;
showing that the value functions of the H., problem all
have a certain property may be done by showing that
this property is invariant under these operators. In §3
we show that certain properties, such as continuity, are
invariant under these two operators. In §4 we present an
improved algorithm for parametric piecewise quadratic
programming and show that the piecewise quadratic
property is invariant under these two operators if cer-
tain conditions are satisfied. The main obstacle to our
program is that the operator ¥ requires the function it
operates on to be continuously differentiable for invari-
ance of the piecewise quadratic property; we show that
the continuously differentiable property is invariant
under I' z if state constraints are absent or a certain as-
sumption A1 is satisfied. We obtain the solution to the
H, problem in §5 when state constraints are absent,
and in §6 when assumption A1 is satisfied. We show
in §7 how our results may be used in receding horizon
control. Some conclusions are drawn in §8. Lengthier
proofs of results are given in the appendix.

2 Dynamic Programming for Constrained

Problems

The solution to Py (z) may be obtained as follows. For
all j € Ny £ {1,2,...}, let the partial return function
V7 (-) be defined as in (1.6) with j replacing N and let X;
(the controllability set) denote the domain of V(-); here
7 is “time-to-go”. Then the sequences {VJ-O(-), ki (+), X},
where #(-) denotes the optimal control law uQ_;(-) at
time 7 = N — j, may be calculated recursively as follows

[10,16]:

VO(e) = min a0, w0) + V2 (F(0,w)) |
f(x,u, W) Q Xj—l} (21)

’ij('r) = arginei[r}gleav)é{f(xvua ’LU) + Vjofl(f(xvua ’LU)) |
f(x,u, W) g Xjfl} (22)

X; ={x € X | Ju € U such that f(z,u, W) C{X;_1}
(2.3)



with boundary conditions Vi (z) = Vy(z), Xy = Xy C
X; f(z,u, W) 2 {f(z,u,w) | w € W k() is point
valued due to strict convexity. For each integer j let
Z; CR™ x R™ be defined by

Zi &2 {(v,u) € X x U | f(x,u, W) C X1} (2.4)

so that, from (2.3), X; = ProjyZ; where, for all Z C
X x U, Projy denotes the projection operator defined
by ProjxZ = {x € X | Ju € U such that (z,u) €
Z}. Similarly, if ® is a set in the product space X x
U x W, Proj,® denotes the set {z € X x U | Jw €
W such that (z,w) € ®}. To analyze Py (x) it is conve-
nient to introduce the functions Jjo(-)7 j=1,2,... de-
fined by

0
Jj (=, u) = Tlgleav)é{ﬁ(o: u,w) + V

1(f (@, u,w))} (2.5)

The recursive equations (2.1)-(2.3) may therefore be

rewritten as

VP(x) = IngIIJl{J (z,u) | (z,u) € Z;}, (2.6)

(:I:,u = max{ﬂ(x u, w) +VO 1(flzyu,w))}, (2.7)

kj(x
vi(z,u) = argmeax{é(a: u, w) —I—VO 1(f(zyu,w))},
(2.9)

)=
) =
)= argmln{JO(z u) | (z,u) € 25}, (2.8)
)=

with endpoint conditions Vy(-) = V¢(-), &y = X¢. Under
our assumptions the sets X; and Z; are compact. If X =

X is robust control invariant 4 the sets X are nested
(X; D Xj_1 for all j > 1) and robust control invariant.

To aid exposition of our results, we define two operators
mapping value functions into value functions together
with their associated minimizer or maximizer operators.
For each polyhedral subset Z of R™ x R™, the first op-
erator I' z, and its associated minimizer operator vz are

defined by:

Pz(J()(@) = min{J(z,u) | (z,u) € Z}, (2.10)
vz (J())(z) £ argggn{](x uw) | (z,u) € 2}, (2.11)

Let T' and v denote the operators I'z and vz de-
fined by (2.10) and (2.11), when £ = R"™ x U, so
that T(J(-))(x) £ mingey J(z,u) and y(J())(z) =
argmingey J(x,u). The second operator ¥ and its as-
sociated maximizer 1 are defined by

T(V())(2) = max{€(z, w) + V(f(z,w))}, (2.12)
P(V())(z) £ arg max {£(z, w) + V(f(z,w))}. (2.13)

4 See definition 5 in §7.

where z £ (x,u). The operators I'z and vz define the
value function V(-) and minimizer k(-) of the prototype
minimization problem P,y (2) defined by:

V(z) = muin{J(z,u) | (z,u) € Z} (2.14)
k() = argrrbin{J(a:,u) | (z,u) € Z} (2.15)

in the sense that V()

=Tz(J(), k() =v2(J(").

Similarly, the operators ¥ and 1 define the value func-
tion J(-) and maximizer v(-) of the prototype maximiza-
tion problem Py,ax(2) defined by:

w)) |we W} (2.16)
w)) |we W} (2.17)

J(z) = mgx{ﬂ(,z7 w) + V(f(z,
v(z) = arg muz}x{ﬁ(z,w) +V(f(z
in the sense that J(-) = ¥(V(-)),v(:) = ¥(V (). In

terms of these operators, the dynamic programming
equations (2.6)- (2.9) may be expressed as
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2.18)
T3 =TV (), () =vVi(),  (2.19)

and the dynamic programming recursion (2.1) may be
written

V() =Tz, 0 0) (Vi1 () (2.20)
where o denotes composition. Showing that property A
is possessed by all the value functions Vjo(-) is equiva-
lent to showing that this property is invariant under the
operator I' z o ¥. Then, if Vjo_l() possesses property A,
so does V(-) = (Tz, o W)(V2,(+)); by induction, V{(-),
V2(), ..., VH(-) all have property A if the terminal cost
Vi(-) does.

3 Invariance properties of 'z and ¥

In the following section, we show that basic properties
(such as continuity, differentiability and convexity) are
invariant under I'z and ¥ and, hence under the dynamic
programming recursion I'z o W. Then, in §4, we estab-
lish the key property, the piecewise quadratic property,
is invariant (under certain conditions) using a new tech-
nique for parametric piecewise quadratic programming.
We require the following definitions in the sequel:

Definition 1 A set PZ = {P? | i € J*}, for some
index set JZ, is called a polyhedral (polytopic) partztion
of a polyhedml (polytopic) set Z if Z = U;e 72 PZ, and
the sets PZ, i € JZ are polyhedra (polytopes) with non-
empty interiors relative to Z that are non-intersecting.

Definition 2 A function J : Z — R is said to be piece-
wise quadratic on a polyhedral (polytopic) partition P? =



{PZ |ie€ J?} of Z if it satisfies
J(2) = Ji(2) £ (1/2)|2]g, + iz +si,

for some Q;, qi, 55,1 € TZ. Similarly, o functionk : Z —
U is said to be piecewise affine on a polyhedral partition
P ={P? |ic J?} of Z if it satisfies

k(z) = Kiz + ki, Vze PP, ie J?,

for some K, k;, i € JZ.
3.1 Basic properties of the operator I' z

We first show that the property of strict convexity is
invariant under I'z.

Proposition 1 Suppose Z is a convex and closed subset
of R® x U, and that J : Z — R is strictly convex. Then
the value function V() = T'z(J(+)) is strictly convex with
domain X. If, in addition, J(-) is continuous, then, for
allz € X = Projy Z, the solution k(x) to Puyin(z) ezists
and is unique.

Proof: Convexity of V(-) = T'z(J(-)) given J(+) is con-
vex is established in [26], §3.2.5; the extension to the
result that V(-) = T'z(J(+)) is strictly convex if J(-) is
strictly convex is trivial. [ |

Our next result has simpler hypotheses than previous
versions of this result (for example, Z is not required
to have an interior and non-degeneracy conditions on
multipliers are not required) and makes a stronger as-
sertion: continuity is invariant under I'z in &X' (rather
than in the interior of X'). The existence and continuity
of k() follows.

Theorem 1 Suppose Z is a polyhedron in R™ x U and
that J : Z — R is continuous. Then, for all x € X =
Projy Z, the solution k(x) to Puin () exists and the value
function V() =Tz (J(+)) is continuous with domain X .
If, in addition, k(x) is unique for eachx € X, then k(-) =
vz(J(+)) is continuous on X.

The requirement that the piecewise quadratic property
is invariant under the operator ¥ (that arises in the max
problem P, (2)) forces us to make the strong demand
(as we show later) that continuous differentiability is
invariant under I'z. We can meet this demand in two
ways.

Firstly: assume X = Xy = R" so that Z =R" x U. Un-
der this assumption, P, (2) becomes the simpler prob-
lem V(z) = min,ey J(x, u). The dynamic programming
recursion then yields X; = R", Z; = R" x U, I'z; =T
for all j € Ny. That continuous differentiability is in-
variant under I' as shown in:

Vze P2 iec J®

Theorem 2 Suppose that X = X; = R" and that
J : R*" x U — R is continuously differentiable and
strictly convex. Then the value function V(1) = T'(J(+))
of Puin(x) is continuously differentiable and strictly
convet.

Secondly, it is also possible to obtain invariance of
continuous differentiability under I'z (when state con-
straints are present) by requiring satisfaction of a certain
condition. We delay proving this result until §4.

3.2 Basic properties of the operator WU

Our first result is that the property strict convexity and
continuity is invariant under W.

Proposition 2 Suppose V. : X — R where X C X
and that, for each w € W, the function z — V(z,w) is
strictly convex and continuous. Then, the value function

J(-) = U(V (") is strictly convex and continuous with
domain Z ={z€ X xU | f(z,W) C X}.

Proof: Since J(-) is the maximum (over w in W) of a
set of strictly convex functions z — V'(z,w) £ ¢(z,w)+
V(f(z,w)), w € W, it is convex; strict convexity follows
from the fact that z — ¢(z,w) is uniformly strictly con-
vex over w € W. Since W is constant, the continuity of
J(-) = ¥(V(-)) follows from the continuity of V'(-) and
the maximum theorem (Theorem 5.4.3 in [27]). [ |

In order to show (in §4) that the piecewise-quadratic
property is invariant under ¥, we require that the func-
tion w — V'(z,w) £ £(z,w) +V (f(z,w)) is strictly con-
cave for suitably large p when V : X — R is piecewise
quadratic on a polyhedral partition of the polyhedron X,
in which case the maximizer v(-) = ¥(V (+)) is unique and
J(-) = U(V(.)) is piecewise quadratic on a polyhedral
partition of ® = {(z,w) € (R"xU)x W | f(z,w) € X}.
Generally w — V/(z,w) (being the sum of a concave
and a convex function) is not strictly concave so J(-) =
U(V(-)) is not necessarily piecewise quadratic. However,
for suitably large p, the function V’(-) is strictly concave,
if V: X — R is continuously differentiable and strictly
convex, as we now establish.

Proposition 3 Let X be a polyhedron in R™ containing
the origin in its relative interior and suppose V : X — R
is continuously differentiable, piecewise quadratic, and
strictly convex. Then V'(-) (V'(z,w) £ {(z,w)+V (Fz+
Gw)) is continuously differentiable, strictly convex in z
for each w € W, and there exists a p* > 0 such that, for
all p > p*, V'(-) is strictly concave inw for each z in Z =

Proj,®, ® = {(z,w) € (R" x U) x W | f(z,w) € X}.

The proof (given in the appendix) is constructive and
yields a value for p*. We can exploit Proposition 3 to
show that the property of continuous differentiability is
invariant under W:



Proposition 4 Suppose that V(-) in Pyax(2) is contin-
uwously differentiable, and strictly conver. Suppose also
that p > p* where p* is defined in Proposition 3. Then the
value function J(-) = U(V () of Pmax is continuously
differentiable.

The proof of this result is almost identical to the proof
of Theorem 2.

4 Parametric programming and invariance of
the piecewise quadratic property

An important objective is to show that the piecewise
(pw) quadratic property is invariant under the dynamic
programming recursion. This result permits determina-
tion of explicit control using dynamic programming cou-
pled with parametric programming, which is the tool we
need.

4.1 The operator T z and problem P, (x)

We first look at the parametric problem P, (z) de-
fined in (2.14) under the assumption that J(-) is con-
tinuous piecewise quadratic on a polyhedral partition
P2 = {P? | i€ J?}ofapolyhedron Z; J(2) = J;(2) =
(1/2)|z%1 +qiz+s; forall 2 € P?, alli € JZ (here, the
subscript ¢ in J;(+) is used to specify the cost in a partic-
ular polyhedron and not the cost at a particular time-
to-go as in the dynamic programming recursion (2.7)).

4.1.1  Invariance of the pw quadratic property underT z

Definition 3 A polyhedron PZ in a polyhedral partition
PZ ={P? | i€ J*} of a polyhedron Z is said to be
active at z € Z if 2 = (x,u) € P?. The set of polyhedra
active at z € Z is

S(z)2{ie J?|z€ P?}.

A polyhedron PZ in a polyhedral partition P? = {PZ |
i € J#} of a polyhedron Z is said to be active for Problem
Prin(z) if (x,5(x)) € P?. The set of active polyhedra

Jor Poin() is SY(x) defined by
§%(x) £ S(z,k(x)) = {i € T? | (w,5(x)) € P7}

where k(x), the solution of Pmin(z), is unique if J(-) is
strictly convex.

Definition 4 For each T € X, the polyhedron P is de-
fined by Py = ﬂieSU(i) PZ.

Because J(+) is continuous, for each z € X, J;(z) = J(2)
for all i € 8°(z), all z € P;. We now define, for each

Z € X, the simpler problem Pz(x), parameterized by &
and defined by

Vz(z) = muin{J(x,u) | (z,u) € Pz} (4.1)
kz(z) = argmuin{(](x,u) | (z,u) € Pg}. (4.2)

so that Vz(-) is the value function, and xz(-) the
minimizer, for problem Pz(x). By construction,
S(z,kz(z)) = S°(z) at all z such that (z,kz(x)) € Ps.
The question arises: how is the solution k(z) of the
original problem P.,;,(z) related to the solution sz (x)
of the derived problem Pz(x)? This is answered by:

Proposition 5 Suppose J : Z — R is continuous piece-
wise quadratic and strictly conver and that T € X s
given. For all x such that S°(z) = 8° () (i.e. (x,k(z)) €
P; ) the following three statements are equivalent:

(i) u is optimal for the original problem Puyin(z) (u =
(i) w is optimal for the derived problem Pz(z) (u =
(i) w is optimal for problems P;(x)
(z,u) € PZ} for alli € SO(x).

: ming {J(z,u) |

Consider an arbitrary point € X. Then S°(Z) is the set
of active polytopes at (Z,x(Z)), and Pz = N{PZ | i €
S%(7)}. The polyhedron P; admits the representation

PI{Z

where, because of the definition of Pz, equality con-
straints Mfu = Nfz + pz that define the boundary com-
mon to PZ,i € S9(z) arise. Let M2, N7 and p’ denote,
respectively, the jth row of Mz, N; and p;z and let 19(Z)
index those constraints in the second set of constraints
in (4.3) that are active at (Z, x(Z)); the set 1°(Z) is there-
fore defined by

MEU < foc + Dz

@) £ {j| Mis(r) = Niz+pi). (44)

Let Mz, Nz and p;z denote, respectively, the matrices
with rows M2, N2 and p%, j € I°(z) and let 7z denote the
row dimension of these matrices. Because J(z) = J;(2)
for all i € 8Y(7), all z € Pz, we may now define, for each
T € X, the equality constrained problem P%(z) by

Ve(x) = muin{J(x,u) | Mzu = Nzz + pz,
Mzu= Nzz +pz}, (4.5)
Ke(x) = argnhin{J(x,u) | Mzu = Nzz + pz,
Mzu= Nzz +pz}. (4.6)

where J;(-), for any i € SY(z), may be used in place
of J(-). Hence P%(z) is a simple quadratic optimization



problem with affine equality constraints; the solution to
this problem is, as is well known [28]:

Ve(z) = (1/2)2' Qza + ¢ox + Sz, (4.7)
() = Kz + ks (4.8)

8
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for some Qz, gz, sz, Kz and kz. Since the control law
kS(+) ensures, by construction, that MzxS(x) = Nzz+pz
for all z such that (z,kS(x)) € Pg, the cone of feasible
directions h € R? at u = k&(x) is Fz = {h | Mzh =
0, Mzh < 0}. Then

PCJE = {[Méa _Méa Mé])‘ | A Z 0}7 (49>

is the polar cone® at 0 of the cone Fz. Because the gra-
dient of the cost function J(-) is not necessarily contin-
uous in Pz, we define the polytope X; as follows:

o o [ | MHRs(@) < Nz 45, V) € T, \ @)
7z = X
—VuJi(z, kS (2)) € PCy Vi € S°()

(4.10)
where Z,. 2 {1,2,...,7z}. The convex hull of
{VuJi(x,k8(x)), i € S°(Z)} is the subgradient §.J(-) of
the convex function J(-) (that is not necessarily differen-
tiable) at (z, k% (x)). The first condition in (4.10) (that
holds with equality for j € I°(Z)) ensures satisfaction
of the constraints defining P; everywhere in Xz and the
second (that may be expressed as —dJ (z, k% (z)) C PCz)
is a necessary and sufficient condition for the optimality
of kKS(+) in Xz (see, e.g., [29], §12.6 and [26], §4.2.3).
Hence, in Xz, the value function V(-) (for Ppin(x)) is
equal to the quadratic function V#(-) and the associated
optimal control law «(-) is equal to the affine function
kE(+). As before, the second constraint in the definition
of Xz is a set of easily determined linear inequalities so
that X; is a polytope (polyhedral if Z is polyhedral).
We have proven:

Theorem 3 SupposeJ : Z — R is continuous piecewise
quadratic and strictly convex on a polyhedral (polytopic)
partition PZ = {PZ? | i € J#} of the polyhedron (poly-
tope) Z. Then the value function V(-) =T z(J(+)) is con-
tinuous piecewise quadratic and strictly convex and the
optimal control law k(-) = vz(J(+)) is piecewise affine on
a polyhedral (polytopic) partition P* = {P¥ | i € J¥}
of X= Projyx Z satisfying, respectively, V(x) = Vz(x)
and k(x) = kz(x) for all x in P;¥ where each P;* = X;
for someT € X.

When X = Xy =R", Z =R" x U is polyhedral rather
than polytopic; a piecewise quadratic (affine) character-
ization of V(+) (k(-)) on a polytopic subset S of X = R™
may be obtained (see §4.2).

® The polar cone of a convex set C is the set C* = {y |
y'z <0, Vz € C}

4.1.2  Invariance of continuous differentiability under
'z

This has been established for the case X = Xy = R"”
in Theorem 2. When state constraints are present, con-
tinuous differentiability is invariant under I'z under a
rather strong condition that we now state:

A1: The pair (J(-), Z) is such that any two adjacent
polyhedra P;¥ = X3, and P;* = X5, in the polyhedral
partition P* of X (see Theorem 3) satisfy I C I or
I]Q C I? where, for each 4, I? indexes all the constraints
in the definition of Py (see (4.3)) that are active at

(.’fi, /i(.’fl))

Theorem 4 Suppose J : Z — R is continuously dif-
ferentiable, piecewise quadratic and strictly convex
on a polyhedral partition PZ of a polyhedron Z. If
(J (1), Z) satisfies assumption A1, then the value func-
tion V() = Tz(J(-)) is continuously differentiable,
piecewise quadratic and strictly convex, and the optimal
control law k(-) = vz (J(+)) is continuous and piecewise
affine on a polyhedral partition P* = {P* | i€ J*} of
X=Projy Z (each P;¥ = X; for some T € X).

Proof: An outline of the proof to this result is given
in [16]; a full proof appears in [30]. A related result is
given in [8] where continuous differentiability is estab-
lished under a different hypothesis (a non-degeneracy
condition that includes linear independence of the active
constraints). [ |

Assumption A1 cannot be verified a priori and is, there-
fore, of limited use. However, the assumption suggests
that continuous differentiability is possible and is sat-
isfied in an illustrative example with state constraints
provided in [30].

4.2 The operator U and problem Puax(2)

We look now at the parametric problem Pp..(z) d
fined in (2.16) under the assumption that V : X —

is piecewise quadratic on a polytopic partition P*

{P¥ | i € J¥*} of a polytope X; V(z) = Vi(z) =
(1/2)|2[3), +¢jx+si for some Q;, g; and s;, for all - € P;¥,
all i € J% and, in addition, is continuously differen-
tiable and strictly convex. The following result, an ana-
log of Theorem 3, shows that the pw quadratic property
is invariant under ¥ if the operand is continuously dif-
ferentiable:

=

Theorem 5 Suppose V : X — R is continuously dif-
ferentiable, piecewise quadratic and strictly convex on a
polyhedral partition P = {P* | i € J*} of the polyhe-
dron X. Then V' : ® — R, where V' (z,w) = {(z,w) +
V(f(z,w)) and ® £ {(z,w) € (R* xU)x W | f(z,w) €
X'}, is continuously differentiable, piecewise quadratic
and strictly convez in z on a polyhedral partition P® of



the polyhedron ®. Moreover, there exists a p* > 0 such
that V' () is strictly concave in w for all p > p*; for all
p > p*, the value function J(-) = W(V(-)) is continu-
ous, piecewise quadratic and strictly convex, and the opti-
mal control lawv(-) = ¥(V (+)) continuous and piecewise
affine, on a polyhedral partition P? = {P? |i € J*} of
Z = Proj,® (each P? = Z; for some z € Z where Z>
is defined similarly to (4.10)).

Proof: The proof of this result is almost identical to
the proof of Theorem 2 since Ppyax(z) may be expressed
as —ming,ew {—V'(z,w)}. |

Reverse Transformation Algorithm for P (x)

Proposition 5 motivates the following improved reverse
transformation algorithm for the piecewise quadratic
parametric problem min, {J(z,u) | (z,u) € Z}:

1. Initialize: Set R = (.

2. Update: Select T € X \ R (X = ProjyxZ), solve
Pmin(Z) and determine Pz. Determine the affine mini-
mizer kz(-), the quadratic value function Vz(+), and the
polytope Xz. Set V() = Vi (:) and s(-) = kz(-) on X;.
Set R = Xz UR.

3. Iterate: While R # X, repeat Step 2.

Consider the example shown in Figure 1. For i = 1, 2, the
solution of problem P;(z): min, {J(z,u) | (x,u) € P?},
is the piecewise affine function ;(-) defined on the
polytopic partition {X;1, X;2, X;3} of X. The original
version of the algorithm [3,8,16] determines x1(-) and
k2(+) shown in Figure 1(a) where two representative val-
ues 1 and To for T are indicated; these solutions overlap
(at each x € X, both solutions exist) and further inves-
tigation is needed to choose the appropriate minimizer.
The improved algorithm, in contrast, yields the single
solution x(-) shown in Figure 1(b). When X = R", the
restriction of V(+) and «(-) to any polytopic subset of X
may be obtained by replacing X by S and Xz by Xz NS
in the above algorithm.

5 H., control; no state constraints

In this case, X = Xy = R" so the only constraints are
uw € U and w € W. Consequently X; = R" for all j
and the dynamic programming equations (2.1) - (2.3)
are replaced by the conventional dynamic programming
equations in which &;_; is replaced by R"; equivalently,
the new dynamic programming equations are given by
(2.6)-(2.9) with the constraint (z,u) € Z; omitted. The
prototype problems in the dynamic programming recur-
sion become:

Pumin () : Viz)= gél[f]l J(x,u) (5.1)
Pax(2) : J(z) = ﬁav)éﬁ(z,w) +V(f(z,w)) (5.2)
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(b) Solution of P(z)

Fig. 1. Reverse transformation algorithm

in which V() and J(-) in (5.1) represent, respectively,
0 g :

V2(-) and J7(-), and J(-) and V(-) in (5.2) represent,

respectively, J7(-) and V(). Since J(-) is convex in u

and V'(-) (V'(z,w) £ £(z,w) +V(f(z,w)) is (under ap-

propriate conditions) concave in w, the respective value

functions have identical properties (max,{V’'(z,w) |
w e W} =—min,{-V'(z,w) | w € W}).

To establish that continuous differentiability, strict con-
vexity and the piecewise quadratic property are all in-
variant under the dynamic programming recursion op-
erator I o W, we require:

Proposition 6 There exists a p* > 0 such that V(-) is
strictly concave inw for allp > p*, allj € {1,..., N—1}.

We can now obtain the properties of the solution to the
H, problem when there are no state or terminal con-
straints (X = Xy =R").

Theorem 6 Suppose the Ho, problem Py(x) has no
state and terminal constraints, that p > p*, and that
Vi (-) is continuously differentiable, strictly convez, and



piecewise quadratic on a polyhedral partition PX/ of
Xy = R™. Then, for each j € {0,1,..., N}, the value
functions V(-) of Pn(x) is continuously differentiable,
strictly conver, and piecewise quadratic on a polyhedral
partition of X; = R™.

Proof: That continuous differentiability, strict convex-
ity and the piecewise quadratic property are invariant
under I' is established in Theorem 2, Proposition 1, and
Theorem 3 respectively. That these properties are in-
variant under V¥ is established in Proposition 4, Propo-
sition 2 and Theorem 5 respectively. The invariance of
these properties under I' o ¥ follows. It follows that, for
each j € {0,1,..., N} the value function V(-) of P;(z)
is continuously differentiable, strictly convex, and piece-
wise quadratic on a polyhedral partition of X; = R". ®

Restrictions of the functions V() and £;(-) to poly-
topic subsets S; of R™ satisfying f(S;,U, W) C S,_1,
j = 1,..., N may be obtained using the modification
to the reverse transformation algorithm described in §4;
the condition imposed on the sets S; (that may be arbi-
trarily large) ensures that the value functions and con-
trol laws are all well defined.

6 H. control; state constraints

In this case, we require that A1 (see §4.1.2) is satisfied by
(J9(-), Z5) for each j € {1,..., N}. Since the sequence
{(J9(-), Z;)} is affected by p, we must make the addi-
tional strong assumption:

A2: There exists a p* > 0 such that, for each j ¢
{1,...,N}L V/(:) = £(-) + V2, o f(:) is strictly concave
in w and A1 is satisfied by (J7(-), Z;) for all p > p*.
We then have:

Theorem 7 Suppose that V() in the Hoo problem is
continuously differentiable, strictly convex, and continu-
ous piecewise quadratic on a polytopic partition P of
a polytope Xy = Xy C R™. Suppose also that assump-
tion A2 is satisfied. Then, with p = p* > 0, for each
je{l,..., N}, the value function Vjo(~) 18 continuously
differentiable, strictly convex, and continuous piecewise
quadratic on a polytopic partition PYi of X;, and the op-
timal control law k;(-) is continuous and piecewise affine
on the same polytopic partition PYi of X;.

Proof: Invariance of continuous differentiability under
I'z is established in Theorem 3, invariance of strict con-
vexity in Proposition 1 and invariance of the piecewise
quadratic property in 3. The remainder of the proof is
the same as the proof of Theorem 6. ]

An illustrative example with state constraints is pro-
vided in [30].

7 H receding horizon control
7.1  Introduction

Since we make use, in this section, of the solution for the
infinite horizon, linear unconstrained H,, problem, we
assume, in the sequel, that (A, B) is stabilizable and that
(C, A, B) has no zeros on the unit circle where Q = C'C.
Since @ is assumed to be positive definite, (C, A) is de-
tectable. These conditions, and the fact that R is as-
sumed positive definite, ensure that the conditions as-
sumed in [31], Appendix B, are satisfied for the full infor-
mation case. Hence there exists a p > 0 such that a pos-
itive definite solution P; to the associated (generalized)
H, algebraic Riccati equation exists for all p > p; sup-
pose py > p, that Py is the solution of the H, algebraic
Riccati equation with p = py, and that the associated
optimal control and disturbance laws are u = K, and
w = Kz respectively. It is shown in [31] that, under
these assumptions, the state matrices Ay £ A+ BK,
and A, 2 A + BK, + GK,, are both stable. The ter-
minal cost function V(-) for the constrained Ho, con-
trol problem is the infinite horizon value function de-
fined (globally in R™) by Vy(x) = (1/2)\x\%f and satis-
fies Vi(x) = max,{{;(z, Kyx,w) + Vi(f(z, Kyz,w))}
so that, with Aé(z, u, w) £ ¢(f(z,u,w))—¢(x), we have

[AVy + U] (z, Kyz,w) <0 (7.1)

for all (z, w) where £4(-), defined by,

Uy u,w) = (1/2)]lg + (1/2)[ulk — (pF/2)|w]* (7.2)

is the stage cost when p = p¢. The stage cost for the
constrained problem Py (z) is, as before, £(x,u,w) =
(1/2)|2[3) + (1/2)[ulf, — (p?/2)|w]* where p > p* > py >
p. It follows that

Uz, u,w) < gz, u,w)  Y(z,u,w). (7.3)
An important consequence that we use later is that

<
ﬁav)é[AVf + ) (z, Kyx,w) <

ma%[AVf +4f](x, Kz, w)

we

< max [AV} + £f)(z, Kyz, w)
weR™

= [AV} + {¢](z, Ky, Kwz) = 0.

so that
AV + ) (z, Kyz,w) <0 (7.4)

for all (x,w). We now require [32,33]:

Definition 5 A set Q) is robust positively invariant for
xt = f(z,w) if, foreveryx € Q, f(x, W) C Q. A setQis
robust control invariant for x* = f(x,u,w) if, for every
x € ), there exists a u € U such that f(z,u, W) C Q.



Algorithms for the construction of these sets are given
in [32,34]. The terminal constraint set X is chosen to
be a robust positively invariant set containing the origin
in its interior for the system ¥ = Az + Guw, Ay £
A + BK,. Any robust positively invariant set X for
zt = Az 4+ Guw satisfies

fle, Kyz, W) C Xy VreXy (7.5)

We assume that the set W is sufficiently small to ensure
the existence of a robust positively invariant set Xy (for
the system 2t = f(z, K 2, w) = Ayz + Gw) that satis-
fies

Xy CX, K, X;CU (7.6)
The controller © = K,x maintains the state of 2+ =
f(z,u,w) in Xy if the initial state is in X.

7.2 No state constraints

Here both X = R™ and Xy = R™. Let X'} now denote any
robust positively invariant set for z+ = f(z, K, z,w) =
Ayx + Gw containing the origin in its interior and sat-
istying f(z, Ky, W) C X7 Vo € X} and K, X7 CU.
Standard stability results [35,36] (that require a termi-
nal constraint) cannot be employed. The dynamic pro-
gramming recursions for the value functions Vjo(-) and
the associated control laws «;(-) are given by (2.6)-(2.9)
with the constraint (z,u) € Z; omitted and employ-
ing the global terminal cost function Vy(z) = (1/2)\x\%f
defined above. The value functions V}(-) have domain

R™ but the resultant receding horizon control law k()
(that also has domain R™) is not necessarily stabiliz-
ing in R™ because the terminal constraint zy € X;

is not enforced. Assume that the value functions V7 (-)
and control laws «;(-) have been determined (by solving
(2.6)-(2.9) with the constraints (z,u) € Z; omitted) on
sufficiently large polytopic subsets S; of R™ (satisfying
Xr C Sj and f(S;, U, W) C S;_q for all j); it can be
shown that V,?(0) = 0 and ,(0) = 0 for each j. The sets
A are computed using

Xy ={zeS;| fla,r(x), W) C X} (7.7)
Xg _ X} (7.8)

Each set X contains the origin. Let the control law o ()
be defined by ko(z) £ K,z and let V() £ Vi(-). We
define the value function V* : X* — R, the control law
K* : X* — U and the set X'* by:
V*(z) = mjjn{Vf(x) lze X, je T},
(@) £ argmin{V(2) |z € X7, j € T},
J

K5 (@) £ Ko@) (@),

X*E2U{X | je T} (7.9)

where J £ {0,1,..., N}. The function V*(-) is contin-
uous at the origin and satisfies V*(0) = 0.

Proposition 7 The {5 gain from the disturbance w to
the costed output y = Hz, z = (x,u) is finite. If the
disturbance sequence w is identically zero, the origin is
asymptotically stable with a domain of attraction X*.

Proof: Suppose that € X* which implies x € X;‘*(z),

Vi(x) = Vﬁ(m)(z) and K*(r) = Kj(g) (7). Then
f(@, 5" (2),w) € X[\ (,)_, for all w € W so that, from

the dynamic programming equations (2.6)-(2.9):

V*(x) = gleav)é{ﬁ(x, K (), W))+
0

% ( (f (@, Bjr @), w))}

z)—1
> max{{(z, " (), w)) + V*(f (2, £"(z), w))}.

we

Hence
[AV* + f)(x, k" (x),w) <0 (7.10)

for all x € X*, all w € W. It follows, by standard calcu-
lations, that, for any x € X'*, any integer M > 0

Do lykR)P <o) lwk)? +2V (2) (7.11)
k=0 k=0

wherey = Hz, z £ (x,u) is the costed output of the sys-
tem a2t = f(z,kn(x), w) and V*(-) is positive definite.
Hence the ¢5 gain from the disturbance w to the costed
output y is finite. Asymptotic stability may be proved
in the usual way using (7.10), the positive definiteness
of (z,u) — £(x,u,0) (this provides a lower bound for
V*(-)), and the continuity of V*(-) at the origin. [ |

A disadvantage of this approach is that the sets X are
subsets, possibly small subsets, of R™, and are polygons
(unions of polyhedra) rather than polyhedra.

7.8 Hy receding horizon control: state constraints

Standard results [17,19,36] may be employed. The condi-
tions (i) Xy C X is robust positively invariant for z+ =
flz, Kyz,w), K, Xy C U and, (ii) Vy(-) isalocal Control
Lyapunov function satisfying (7.4) for all z € X and
all w € W are the ‘stabilizing conditions’ for the min-
max optimal control problem and ensure [16] that X is
robust positively invariant for 27 = f(x, sy (z), w) and
that

[AVY + ) (x, iy (x), w) <0 (7.12)

for all (z,w) € Xy x W. Finite {5 gain from the distur-
bance w to the costed output y follows as shown above.
Also, if the disturbance is identically zero, the origin is
exponentially stable with a domain of attraction X .



8 Conclusion

The most important results of this paper are Theorem
1 and Theorems 6 and 7 that establish that the value
functions are piecewise quadratic and the optimal con-
trol laws are piecewise affine for min-max optimal con-
trol problems for, respectively, the two cases: (i) control
constraints only, and (ii) control, state and terminal con-
straints. The results for case (i) require few assumptions.
Case (ii) requires a strong assumption that may not be
satisfied. Both cases require the solution to a paramet-
ric program in which the constraints are polyhedral and
the cost piecewise quadratic (rather than quadratic) is
required. A novel solution to this problem is presented
in §4 and should prove useful in the determination of
‘explicit’ control for other problems. Implementation of
the results for control is briefly discussed in §7.

Appendices

To prove Theorem 1, we make use of a special case of a
theorem of Clarke et al (Theorem 3.1, page 126 in [37]),
namely:

Theorem 8 Tuke a non-negative valued, convex func-
tion ¢ : R x R™ — R. LetU(x) = {u € R™ | ¢(z,u) <
0} and X = {x € R" | U(x) # 0}. Assume there exists a
0 > 0 such that

u€eR™ zeXand g€ d(z,u) = |g|>9

(here Oy(x,u) denotes the convexr subdifferential of 1
with respect to the variable u). Then, for each x € X, we
have d(u,U(x)) < P(z,u)/d for allu € R™.

This regularity theorem has a role in the proof of Theo-
rem 1 via the following Corollary:

Corollary 1 Suppose Z is a polyhedron in R™ x R™
and let X denote its projection on R™ (X = {z | Ju €
R™ such that (z,u) € Z}). LetU(z) 2 {u | (z,u) € Z}.
Then there exists a K > 0 such that, for all x,2’ € X,
for all uw € U(x), there exists a ' € U(z') such that
| —u| < Kla' — x|.

Proof: The polyhedron Z admits the representation
Z = A{(z,u) | (m)Yu—n)z—p <0, j €Iy} for
some m?, n? and p’, j € Ty £ {1,...,J}. We recall
X ={z| (v,u) € Z forsomeu € U} and U(z) = {u |
(xz,u) € Z}. Define D to be the collection of all index
sets I C Z; such that ZJEI AMmd #£ 0, YA € A in
which, for a particular index set I, A; is defined to be
Ar 2 {N| N >0, Zjej)\j = 1}. Because D is a fi-
nite set, there exists a & > 0 such that for all I € D,
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all A € Ar, |3, M m| > 8. Let () be defined by
Yz, u) = max{(m’)u — (n/)'z —p',0 | j € I;} We
now claim that, for every (z,u) € X x R™ such that
Y(z,u) > 0 and every g € 9,¢(z,u) (the subgradient
of ¢ at (x,u)) we have |g| > §. Assuming for the mo-
ment that the claim is true, the proof of the Corollary
may be completed with the aid of Theorem 8. Assume,
as stated in the Corollary, that z,z" € X and u € U(x);
the theorem asserts

d(u,U(x")) < (1/8)(2',u), Vo' € X.

But ¢(x,u) = 0 (since u € U(z)) so that
d(u, U(z")) < (1/0)[¢(, u) — ¥ (z, u)] < (¢/0)]a" — |

where c is the Lipschitz constant for z — t(z,u) (¢¥(-) is
piecewise affine and continuous). This proves the Corol-
lary with K = ¢/4.
It remains to confirm the claim. Take any (z,u) € X x
R™ such that ¢(z,u) > 0. Then max; {(m’) u—(n?) z—

p?,0| 7 €Zs} > 0. Let I°(x,u) denote the active con-
straints (those at which the maximum is achieved). Then

(m?Yu— (n?)z—p’ >0, Vj€Ix,u).
Since x € X, there exists a @ € U(z) so that
(m?)a— (n!)z—p <0, VjeIx,u).
Subtracting these two inequalities yields
(m?) (u—a) >0, Vj € I°(z,u).

But then, for all A € Ajo(gu), |2j610(%u) NmI(u —
w)| > 0, so that 3¢ o0, NmJ # 0. Tt follows that
I%(z,u) € D, so that

| Z )\jmj| >4, VA e AIO(Z7u).

JEI(z,u)

(%)

Now take any g € 0, f(z,u) = co{m’ | j € I°(z,u)} (co
denotes ‘convex hull’). There exists a A € Ao, ) such
that g =3 o0 N m;. But then |g| > & by equation
() above. This proves the claim. [ |

We can now proceed with the proof of Theorem 1.
Proof of Theorem 1: Continuity of V(-) =T zJ(")

The constraint (z,u) € Z imposes an implicit state-
dependent constraint « € U(x) on u where the set-valued
function U(+) is defined by

U(x) & {u| (z,u) € Z}.



We claim that ¢(-) is continuous (being both outer and
inner semi-continuous) on X = Projy Z, the domain of
U(-). By definition [27], the set-valued map U(-) is outer
semi-continuous at x € X if U(z) is closed and if, for any
compact set G such that U(x) N G = @ there exists an
g > 0 such that U(z) NG = 0 for all 2’ € B(z,e) N X,
B(z,e) = {z | |z — x| < ¢}. The set-valued map U(-)
is inner semi-continuous at x € X if, for any open set
G C R™ such that G NU(x) # 0, there exists an e > 0
such that G NU(z") # 0 for all 2’ € B(z,e) N X. The
set-valued map U(+) is outer semi-continuous because its
graph, Z, is closed so that, given any sequence {(x;,u;)}
in Z (u; € U(z;) for all 7) such that (x;,u;) — (Z,a), we
have (Z,4) € Z so that & € U(Z). Hence U(-) is outer
semi-continuous [27].

We now establish inner semi-continuity using Corollary
1 above. Let x, 2’ be arbitrary points in X and U (z) and
U(z") the associated control constraint sets. Let G be an
open set such that U () NG # () and let u be an arbitrary
point in U (2)NG. Because G is open, there exist ane > 0
such that B(u,e) 2 {v | |v—u| <e} CG.Let e’ £ ¢/K
where K is defined in Corollary 1. From Corollary 1,
there existsau’ € U(z')NG for allz’ € B(x,e")NX. This
implies U(xz') N G # ( for all ' € B(z,&’) N X, so that
U(-) is inner semi-continuous. Since J(-) is continuous
and U(-) takes values in the compact set U, condition
(2b) in Theorem 5.4.1 of [27] holds so V'(+) is continuous
by Corollary 5.4.2 of [27].

Proof of Theorem 2: Continuous differentiability of

V() =TW()

Since U, being constant, is continuous in z, the continu-
ity of the value function V(-) = T'(J(+)) follows from the
maximum theorem (e.g. Theorem 5.4.3 in [27]). Since
the function u +— J(z,u) is strictly convex for all x, the
optimizer k(-) = v(J(-)) is unique (a singleton) for each
x; by the same maximum theorem, x(-) is continuous.
Since J(-) is continuously differentiable and U is com-
pact, and the optimizer k(x) is unique and continuous,
it follows from the proof of Theorem 5.4.7 in [27] that
the directional derivative of V' (+) satisfies

dV(xz;h) = (0/0z)J (z, k(x))h

at any x, any direction h. Hence V(-) is Gateau dif-
ferentiable at any z with Gateau derivative G(z) =
(0/0x)J(x, k(x)). Since G(-) is continuous, V (-) is con-
tinuously (Frechet) differentiable in Z with derivative

(0/0x)V (z) = (0/0x)J (x, k(x)) [38]. |

Proof of Proposition 3: Strict concavity of w — V' (z,w)

Continuous differentiability of V’(-) (V/(z,w) =
(z,w) + V(f(z,w))) follows from continuous differen-
tiability of ¢(-) and V(-). Take any two points wq, ws
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in W. For all A € [0,1], let wyx = wy + Awz — w1),
and, for each z € Z, let the real valued function ¢(-)
be defined on [0,1] by #(A) £ V(z,w,). Suppose that
V(z) = (1/2)2'Qix + glx + s; in P;¥ (for each i € JV).
Then

V'(z,w) = (1/2)(F2+Gw)' Qi(Fz+Gw)+q;(F2+Guw)
+8i+L(z,w) = —(1/2)w' (p*I — G'Q;G)w + blw + ¢;

on the polyhedron P = {(z,w) e R" x U x W | Fz +
Gw € P*}, where b; and ¢; depend on z. For any ¢ > 0,
there exists a p* > 0 such that C; £ p?I — G'Q;G > el
for all p > p*, all i € J*. The function ¢(-) is continu-
ously differentiable and satisfies:

A(N) = —(1/2) (W Cih)A2 + bx + ¢
¢'(N) = —(W'Cih)A + b;

for all A € [0, 1] such that Fz + Gwy € P2®. Since ¢/(-)
is continuous, ¢'(+) is strictly decreasing if p > p*. It
follows, by a trivial modification to the proof of Theo-
rem 4.4 in [39], that ¢(N\) > ¢(0) + A(¢(1) — ¢(0)) for
all A € (0,1) which establishes the strict concavity of
¢(+) and, hence, of w — V'(z,w) if p > p*. [ |

Proof of Proposition 5: equivalence of solutions to
Pumin(z) and Pz(z)

Suppose that u = k() is optimal for the original
problem Py, (x); this implies that VO(x) = V(z,u) <
V(x,u') for any v’ satisfying (z,u’) € P;. But (x,u) €
P; since, by assumption, S°(x) = §%(z); hence u is also
optimal for Pz(x). On the other hand, suppose u is op-
timal for Pz(z) so that (z,u) € P; and S(z,u) = S°(%).
By assumption, §%(z) = S%(Z) so that (z,k(x)) € Pz;
consequently V(z,u) < V(z,k(z)) = V°z). But
VO(x) < V(z,u) (by optimality of x(z) for problem
Poin(7)) so that V(z,u) = VO(z) and u is also opti-
mal for P, (2). This proves equivalence of (i) and (ii);
equivalance of (iii) to (i) and (ii) follows easily. |

Proof of Proposition 6: Existence of p*

The proof is by induction. Suppose, for any j in
{1,..., N — 1}, there exists a pj such that V/(z,w) =
Uz, w) + V2, (f(z,w)) is strictly concave in w for all
p=>pj,alz € 2 alli € {1,...,j}. It follows from The-
orem 6 (with N replaced by j), that V,(+) is continuously
differentiable, strictly convex, and piecewise quadratic
for all i € {1,...,7}. By Proposition 3, there exists a
P = pf such that V., (z,w) = £(z,w) + V) (f(z,w))
is strictly concave in w for all p > p7., and all
z € Zjp1. Hence V/(z,w) = L(z,w) + VP (f(z,w)) is



strictly concave in w for all p > pZ.,, all z € Z;, all
it € {1,...,5 + 1}. But, by Proposition 3 and our as-
sumptions on V(-) £ V;(-), there exists a pj such that
Vi (z,w) = £(z,w) + VQ(f(z,w)) is strictly concave in
w for all p > p7, all z € Z;. By induction, there exists
a p* = piy such that V/(z,w) = {(z,w) + V) | (f(z,w))
is strictly concave in w for all p > p*, all z € Z;, all
ie{l,...,N}.
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