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THE PATCHY METHOD FOR THE INFINITE HORIZON
HAMILTON-JACOBI-BELLMAN EQUATION AND ITS ACCURACY *

THOMAS HUNT!? AND ARTHUR J. KRENER'

Abstract. We introduce a modification to the patchy method of Navasca and Krener for solving
the stationary Hamilton Jacobi Bellman equation. The numerical solution that we generate is a set
of polynomials that approximate the optimal cost and optimal control on a partition of the state
space. We derive an error bound for our numerical method under the assumption that the optimal
cost is a smooth strict Lyupanov function. The error bound is valid when the number of subsets in
the partition is not too large.
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1. Introduction. In this paper, we introduce a numerical scheme for solving
the infinite horizon optimal control problem of minimizing the integral

o0
/ Iz, u)dt (1.1a)
0
of a Lagrangian I(z,u) subject to the controlled dynamics
&= f(z,u) z(0) = 2° (1.1b)

where f and [ are both smooth, and [ is strictly convex in the control v € R™ for all
states x € R™. The solution that we are interested in is an optimal cost 7 : R™ — R,
which is the minimum value of incurred by driving the state from an initial
value of x to the origin. The optimal control that drives the state to the origin is given
in feedback form by u = k(z). Our solution is a set of polynomials that approximate
the optimal cost and optimal control on a partition of a subset of the state space.

Our method is a modification of the original patchy method [7], which we altered
to obtain the error bound in Theorem [3.6] Like the original patchy method, it is an
extension of the Cauchy-Kovalevskaya method [4], the fast marching method [I3], 9],
the patchy technique of Ancona and Bressan [2], and Al’brekht’s power series method
.

Al’brekht’s method is an algorithm for computing a series solution to the optimal
cost that must be centered at the origin of the state space. A drawback to the
requirement that the series solution be centered at the origin is, even when the optimal
cost and optimal control are smooth over the entire domain of interest, their power
series solutions may be local in nature. This means that outside of some region
containing the origin, it may be impractical to compute the number of terms necessary
to achieve a desired accuracy. The patchy method that we present uses Al’brekht’s
series solution as an initialization step, and generates a new series solution centered
at a point away from the origin. Doing this enlarges the region where we have a valid
approximation to the optimal cost and optimal control.

*This work was partially supported by AFOSR
fNaval Postgraduate School, 833 Dyer Road Monterey, CA 93943-5216 (twhunt@nps.edu,
ajkrener@nps.edu)



1.1. The Hamilton-Jacobi-Bellman PDE. It is widely known that if the
optimal control problem has a smooth optimal cost 7(z), and the optimal control
can be put in feedback form u = k(x), then the optimal control and optimal cost
satisfy the Hamilton-Jacobi-Bellman (HJB) equation

0= mdn<g—7;(x)f(x7u) + l(x,u))
k() = argmuin (%(m)%(m,u) + %(x,u))

locally around the origin. Furthermore, if g—g(x)f(m, u) + I(x,u) is strictly convex in
u locally around z = 0, v = 0, then the HJB PDEs (1.2)) simplify to

(1.2)

0= %(x)f(x, k(z)) + Uz, k(x)) (1.3a)
0= %(m)%(aﬂ7 k(x)) + %(m, k(x)). (1.3b)

1.2. Solutions to the Hamilton-Jacobi-Bellman PDE. The existence of
a solution of the optimal control problem around the origin is determined by
the leading order terms of the problem data f and [. Suppose the dynamics and
Lagrangian have Taylor expansions

i’:Fx+Gu+Zf[k](x,u)

k=2

(27 Qz + u" Ru) + Z 1] (2, )
k=3

(1.4)

1
l(x,u) = 5
where [ denotes degree k terms in the power series, R is positive definite, and Q
is positive semidefinite. The optimal control problem is said to be nice if (F,G) is
stabilizable and (Q'/2, F) is controllable.

Albrekht [I] showed that when the optimal control problem is nice, the
optimal cost and optimal control have series solution centered at the origin of the
state space. Lukes [6] showed that both these series solutions converge to the optimal
cost and control under suitable conditions. Al’brekht’s method is an algorithm for
computing both these series. It works by computing the degree j and j — 1 terms as a
pair in the expansions of the optimal cost and optimal control, starting at j = 2 and
terminating at some user specified degree. The original description of the algorithm
is in Al’brekht’s original work [I], and a generalization with notation consistent with
this paper is in [7]. The Matlab implementation of Al’brekht’s method that we use
in the patchy method is available by request [5].

2. Derivation of the patchy method.

2.1. Optimal control problem assumptions. We will derive the patchy methodll
for the special case of the optimal control problem where the control is scalar (m = 1),
and the dynamics and lagrangian have the form

i = f(@) + glo)u U, u) = q() + r(e? (2.1)

where
f,g:R" - R" g, 7 :R" >R u € R.
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The patchy method does not require these assumptions, but they do significantly
simplify its derivation. Furthermore, we assume

1. f, g, ¢, r have continuous partial derivatives of to degree d + 2 on X..

2. The optimal control problem is “nice”, meaning it can be expressed in the
form of (L.4), and (F,G) is stabilizable and (F,Q'/?) is detectable. We also
assume that @ is strictly positive definite.

3. 7 has continuous partial derivatives up to order d + 2 on X,

4. ¢q>0and r >0 on X,
5. The optimal cost is a strict Lyapunov function on X., meaning
or, .. O«
T (@) = SZ@)(f(@) + gla)n(2)) <0 (22)

for all z in X, \ {0}.
Assumptions|[l] and [2] guarantee that assumption [3| holds in some neighborhood of the
origin. The Taylor series of 7 in this neighborhood can be computed by Al’brekht’s
method. The fifth assumption is essential in both the derivation of the patchy method
and the proof of its error bound in Theorem

2.2. Overview of the patchy method. Although the method works in higher
dimensions, we will assume in the overview that the state space is two dimensional.
This allows us to illustrate how we partition the state space. We first compute the
degree d + 1 Taylor approximation to the optimal cost at the origin by Al’brekht’s
method, which we denote 7. We assume that all truncated series solutions to the
optimal cost and optimal control are polynomials of degree d + 1 and d. We then
pick a sublevel set 7% < ¢ on which 7° has an acceptable level of error. We refer
to this sublevel set as the Al’brekht patch and denote it as A. The patchy method
expands the domain of the numerical solution to a superset of the Al’brekht patch,
which we refer to as the computational domain and denote it as X.. The patchy
method picks a patch point, denoted z?, on the boundary of the Al’brekht patch and
then computes an approximating polynomial to the optimal cost that is centered at
the new patch point, which we denote as 7?. The core of the patchy algorithm is a
method to compute the approximate partial derivatives of the optimal cost at 2%, thus
computing an approximation to the Taylor polynomial centered at x* of the optimal
cost. The patchy method repeats this process until the origin is surrounded with a
number of patch points.

The computational domain is partitioned into a set of patches during the course
of the patchy algorithm. Each patch point is associated with a single patch, and
the optimal cost and optimal control at any state that falls inside in the patch are
computed by the approximating polynomials centered at the associated patch point.
Every point in the computational domain is associated with exactly one patch, and we
compute the approximate optimal cost and optimal control at the point by the series
solutions centered at the associated patch point. In two dimensions, the boundaries
of the patch are the boundary of the Al’'brekht patch, a level curve of the optimal
cost centered at the patch point, and two lateral boundaries that intersect the other
two boundaries. Illustrations of the Al’brekht patch and a typical patch in a two
dimensional state space are included in Figure [2.1

Once the Patchy method has encircled the Al’brekht patch with new patches, it
generates a new ring of patches and associated optimal cost polynomials, where the
new patches form a ring that encloses the old set of patches.
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As we will see, under some standard assumptions on the underlying optimal
control problem, as well as the assumptions that the true solution is both sufficiently
smooth and a strict Lyapunov function, we can derive error estimates on the patchy
method. Unfortunately, these error estimates do not go to zero as the density of
patches on the computational domain goes to infinity. To our knowledge, the only
algorithm that provably solves the nonlinear Hamilton-Jacobi-Bellman equations in
multiple dimensions with higher order accuracy is the finite difference scheme due to
Szpiro and Dupuis [12]. Their method is provably second order accurate on subsets
of the computational domain where the true solution is smooth.

2.3. Placing a new patch point. Given the previous patch point z’ and its
associated approximate optimal cost 7?, the patchy method must determine where
in the state space to place the new patch point z**!. If the computed optimal cost
7t is sufficiently close to the true optimal cost in a neighborhood of 2%, then by
the assumption that the optimal cost is a strict Lyapunov function, the closed loop
dynamics is not tangent to a level curve of 7 in the neighborhood. Thus the partial
derivatives of the optimal cost can be calculated by the technique of this section at a
point on an appropriately chosen level curve of 7?. The patchy method places z*+!
on a level curve of ¥ under the constraint that the distance between z® and z**! is
less than h, the mazimum consecutive patch point distance. We derive the maximum

consecutive patch point distance in chapters [4] and

2.4. Computing the optimal cost at a new patch point. Away from the
origin, the HJB equations alone do not fully specify all the partial derivatives of the
optimal cost at a given patch point. As a consequence, the patchy algorithm computes
some partial derivatives of the optimal cost from the HJB equations, and computes
the remaining partial derivatives from the previous optimal cost.

The computed optimal cost at the new patch point z**' is calculated by inheri-
tance, meaning we set

7_‘_i+1($i+1) _ ﬂ_i(xi—i-l)

2.5. Computing the first order partial derivatives of the optimal cost
away from the origin. First, we compute n, the gradient direction of 7#*! at z*+!
from 7 by

1 on'

— ("), 2.3
@) or ¢ 23

n=

If the level sets of the previous and new optimal costs are tangent, then the gradients
of the previous and new optimal cost are collinear at the current patch point. In this
case, there is some positive scalar z such that

omitt
To compute z, we first define the scalars
fo=n-f(z"h and gn =n-g(ztth). (2.5)

We can derive a formula for the optimal control in terms of the gradient of the optimal
cost by solving (1.3b]) under the assumption (2.1)). If we substitute this formula for
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the optimal control into (1.3a)), then it reduces to the scalar quadratic equation

2
0= 5oy + oz +al@™) (2.6)
under and . If the computed and exact gradients of the optimal cost are
sufficiently close, then it follows from the assumption that the exact optimal cost is
a strict Lyapunov function that the quadratic equation has exactly one strictly
positive root. We denote this positive root as z;, so the computed gradient of the
new optimal cost and the computed new optimal control at the new patch point are
omttt - 4 1 onttt 4
aT(l’Hl) =zyn R ) = @) ox (@ )g(z") (2.7)
2.6. Computing higher order partial derivatives of the optimal cost
away from the origin. Let #'*! denote the computed optimal direction at the new
patch point calculated from the first order partial derivatives of the computed optimal
cost. If the exact and computed gradients of the optimal cost are sufficiently close
at the new patch point, then it follows from the assumption that the optimal cost
is a strict Lyapunov function that the computed optimal direction is nonzero. The
computed optimal direction is calculated from the formula

jL‘H_l _ f(.Z‘H_l) +g(£i+l)/€i+l($i+l).

We set
N 1 . N N N
Vl = Til-‘rl V= [Vl s Vn]
[+
where V1, V2, ..., V" form an orthonormal basis of R”. This can be done with a

Householder reflector [3, ch. 5.1.2]. We will compute the higher order partial deriva-
tives of the optimal cost under the change of variables

z =gt +V€

and then recover the partial derivatives with respect to the original state space vari-
ables. In the new variables, the HJB equations (|1.3) become

0= S2O () + 9ORO) + ) + 57O (H(E)’ (280)
- Z(é)g(é) T HE)R(E) (2.8b)
where
#(6) = m(@ + V) HE) = w1 + 7€)
fE@) =V f" +VE) 9§ =VTiga™ +V§) (2.9)
q(§) = q(a"™ + V) (&) = (@ + VE)

To derive a formula for the characteristic second order partial derivatives of the opti-
mal cost, we evaluate the derivative of the first HJB equation in (2.8a]) with respect
to §; at £ =0, and arrive at

02% oF of
~(0)+—(0) [ =L
8§j8§1() 85()<8£j

g . .. r . 2
8@<o>n<o>) + 52 O F 558 OGO)" 210
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where @ denotes the optimal direction at zi™1. The terms involving the partial deriva-
tive of & with respect to éj drop out due to . We compute the characteristic
second order partial derivatives of 7! by substituting in the computed approxima-
tions to the optimal direction and gradient of the optimal cost into , and solving
for the unknown second order partial derivatives of the optimal cost. This yields the
formula

92it1 - 1 9ritl if % it aq
52 a5 O =~ [aé ()(aéj(OHaéj(O)“ (0)>+a£j(0)
107 i 2
35 OF0) ] (21)

The characteristic second order partial derivatives are a strict subset of all the sec-
ond order partial derivatives, since the HJB equations do not specify all the second
order partial derivatives. We call the remaining second order partial derivatives non
characteristic. We compute them by inheritance, meaning for 2 < j; < jo < n we set

o2t o?
06, 06, o€, o8
1732 J17 552
To get the approximate first order partial derivatives of the optimal control, we follow
the same process. We differentiate the second HJB equation(2.8b)) with respect to ¢;

at é = 0, and after substituting in the computed partial derivatives of the optimal
control and cost, we obtain the formula

(7' (@ + VO] ey (2.12)

ORIt _ 1 o2ttt ottt 9§ it or pitl
7(95]_ (0) = 70) [8&}85 (0)g(0) + oF (O)é?fj(o) 0) + Aj(O) 0)|-

(2.13)
We compute the remaining higher order partial derivatives in an analogous fashion.
Their formulas are in
We now introduce new notation to describe how to recover the partial derivatives
with respect to the original state space variables from the partial derivatives with
respect to the new variables. They are computed by

Pttt iy _ 0 O [Liv1g T T
m(x )_87§A®875{7T (5)}52 (Ve ®@Viej,)
(2.14)
Orritt i1y _ 9 9 ~itl 8 T ST
5, o @ = g B e e [F @] (Ve w0 Ve

where e; is the 4" column of the identity matrix. Each formula in is a standard
dot product, written as the product of a row and column vector. The symbol ® has
two meanings in (2.14). It is the standard Kronecker product if it appears between
two matrices. The row vector a% ® - ® a% [#11(£)] is new notation for the Kronecker
derivative, which is a bookkeeping mechanism. In the first equation in , if the
state space is two dimensional then the Kronecker derivative is defined as

0 O [aiv1,2 25 0 k¢ i (6 (€
2@ POl = 5O 2 e FO),,
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We give the full definition of the Kronecker derivative in the appendix.

2.7. Computing the optimal cost and optimal control away from a
patch point. To compute the optimal cost or optimal control at a point in the
state space that is not a patch point, we need a means to determine which patch the
point belongs to. In other words, we need to know which polynomials 7* and k' to
use to calculate the optimal cost and optimal control at some Z in the state space.
There are two types of patches, typical patches, and a single Al’brekht patch. The
boundary of the Al’brekht patch is a level curve of 70 that encloses the entire patch.
The optimal cost and optimal control at a point inside the Al’brekht patch are com-
puted from 7° and x°. A typical patch is associated with the patch point z**+! # 0,
and the optimal cost and optimal control at every point in the patch is computed
from 7+! and x*t!. When the state space is two dimensional, a typical patch has
four intersecting boundaries that enclose the patch. Two of the boundaries are level
curves of the optimal cost, and the other two boundaries are lateral boundaries. The
patch point z?*! lies on the optimal cost level curve of 7% that defines one of the
patch boundaries. The other optimal cost level curve patch boundary is a level curve
of w1, Each lateral boundary is a straight line segment that intersects the level
curve of ¥ at a point x3, and is oriented so that it points in the opposite direction of
the optimal direction f(zp) + g(zp)x*(25). When the state space is two dimensional,
the patch boundary point xp is placed on a level curve of the optimal cost so that it
is halfway between two adjacent patch points that lie on the same level curve. The
optimal direction at x; may be computed from the approximate optimal cost associ-
ated with either adjacent patch point. Illustrations of the two types of patches are in

Figure 2.1}

flap) + glap)w' (2p)

(a) Al’brekht patch (b) Typical patch

F1a. 2.1. Al’brekht patch and typical patch

3. Analytical error bound for the patchy method. The difference between
the exact and computed optimal cost grows as a power of the maximum consecutive
patch point distance times a term that grows exponentially as the patchy method
moves along a sequence of consecutive patch points. We first develop some concepts
and lemmas that we will need before making the more rigorous statement of the error
bound in Theorem [B.6] at the end of this section.

3.1. Sequence of consecutive patch points. The error bound is predicated
on the notion of a sequence of consecutive patch points.

DEFINITION 3.1. The patch points x* and x**1 are said to be consecutive if the
computed optimal cost polynomial centered at ' was computed from information
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contained in the computed optimal cost polynomial centered at z*. The origin is always
the first patch point in a sequence of consecutive patch points. A sequence of three
consecutive patch points is illustrated in Figure 3.1

S—

F1G. 3.1. A sequence of three consecutive patch points z°, z1, z2

3.2. Notation. The patchy algorithm takes a truncated series solution to the
optimal cost centered at the previous patch point, and generates a new series solution
to the optimal cost centered at the next patch point. Thus, it can be interpreted as
a mapping from a set of polynomial coefficients associated with the previous patch
point to a set of polynomial coefficients associated with the new patch point. These
coefficients are approximate partial derivatives of the optimal cost evaluated at the
appropriate patch point, so we introduce notation to reflect this.

C‘; denotes the vector of computed j*" partial derivatives of the optimal cost at
x¢. For example, if the state space is two dimensional

A . 2 A . 2~ . 2 A .
Ci= 556 5250 FEE)

C' is the vector of all partial derivatives of the computed optimal cost at z* up to
order d + 1, that is

C' = [08 cioo. CZHJ
We denote with ¢; the part of the patchy method that computes the 4t order

partial derivatives of the optimal cost at the current patch point from the partial
derivatives of the optimal cost evaluated at the previous patch point, meaning

Citt = ;(CY)
8



Cj denotes the vector of exact j* partial derivatives of the optimal cost 7 at 2,
and C has a definition that is analogous to C".

3.3. Local truncation vector. DEFINITION 3.2. C" denotes the vector of
exact partial derivatives of the optimal cost at x*, and C;H denotes the ezxact partial
derivatives of order j of the optimal cost at T, where £ and ' are consecutive

patch points. The local truncation vector T; 18

=0 —¢,(C7)

which is the difference between the exact j* order partial derivatives of © at !,
and the computed partial derivatives of w at a:_“‘l that are generated by feeding ¢; the
ezxact partial derivatives of of ™ centered at z*.

3.4. The Lipschitz condition. DEFINITION 3.3. Suppose C} and é’; are vec-
tors of exact and approximate partial derivatives of order j of the optimal cost w at
xt. The function ¢ is said to satisfy the Lipschitz condition if there exists ¢ maximum
multiplier M4 > 0 and a maximum consecutive patch point distance h > 0, such
that for all M < M, and all ||zt — 2t|| < h, then

161(C") = $r(CH)l2 < LM ||z — 27 ||§727" for 0 <k <d+1
whenever

ICE = Cilla < M2t = 2|37 for0 < j <d+1

The following lemma will help us establish that the patchy method satisfies the
Lipschitz condition.

LEMMA 3.4. Polynomials satisfy the Lipschitz condition of Definition with
M e < 00. We may write any degree d + 1 polynomial as

d+1

P(C,x) =) Cp-my().

£=0

where Cy is a coefficient vector as defined in and my(z) is a vector of £*" degree
monomials so that all the degree ¢ terms of the polynomial are Cy - me(x). Thus, if
Ce — Colla < M||z||9727F, then there exists Ly, < oo such that

k k
0P () o"P

(C.2)| < LonnM 2]} 27

ale asz e 8xjk 873]'1 asz e 8xjk

Proof. Since P(C,z) — P(C’,x) =P(C - C’,x), we may assume without a loss of
generality that C' =0, and ||C|l2 < M|z||57>7*. By Cauchy-Schwarz,

8kp d+1 8km@
aleaxh e axjk (C, x)‘ = ;HOAHal'jlaij te alec (x)H

Each entry in the k'™ order partial derivative of my is O(||z]|*~*), and by assumption
[Cell2 < M||z]|327¢, s0 each term in the sum is O(||z||*2F). O
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The next lemma establishes a bound on the difference between the Taylor poly-
nomial coefficients of the optimal cost m, and the coefficients of the computed optimal
cost 7.

LEMMA 3.5. Suppose there exists a mazimum consecutive patch point distance
h > 0 such that ¢ satisfies the Lipschitz condition with constants L and M. Also,
suppose there exists a local truncation error constant T such that for any patch points
2t and Tt in X, \ A within a radius of h of each other,

Il < Tht+2-

where the approximating polynomials to the optimal cost are degree d + 1. Let CA*JZ

denote the vector of j order partial derivatives of the optimal cost computed by the
patchy method, where i is the sequence index for a sequence of consecutive patch points.
Let C} denote the corresponding vector of exact partial derivatives. The growth in the

difference between the true and computed % partial derivatives of the optimal cost is
bounded by

L
||CVZ C”H < ———Th¥2 0 for 1 <i< N

where N is the smallest integer such that

LN —1

T S Mmaz

Proof. The proof proceeds by induction on the sequence index i, and is similar in
spirit to the construction of an error bound between the true solution of an ODE and
a solution computed by a one step method [I1), ch. 7.2]. We assume that all arithmetic
is exact. It follows from the definition of the local truncation vector that the difference
between the true and computed % order partial derivatives is bounded by

|G = Y < 165 (C7) = 65 (C)]| + I

At the origin, the patchy algorithm computes the exact partial derivatives of the opti-
mal cost by Al’brekht’s method, so é';) = C;) for 0 < j <d+1. Therefore the theorem
holds in the base case of the induction proof. Now, suppose that at the i patch point
in the sequence of consecutive patch points,

i , L'—1
||CtjZ - CJZH S ﬁThd+27] and T S Mmaac

for0<j<d+1. Then

Li—
165(CT) = &3(CH < L7— SV

for 0 < j < d+1 since ¢ satisfies the Lipschitz condition. Therefore, at the next patch
point in the sequence, the difference between the partial derivatives is bounded by

L

i+1 1 LH_l -1 d j
|CiHt — Gt < L7—— T Thtt2d,

Thd+2 i Thd+2 j_ = -
* L-1
Thus, the conclusion of the lemma holds. 0
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3.5. Analytical bound on absolute error of the optimal cost. THEOREM
3.6. Suppose there exists a mazimum consecutive patch point distance h > 0 such
that ¢ satisfies the Lipschitz condition. Also, suppose there exists a local truncation
error constant T such that for any consecutive patch points x* and x*t% in X.\ A
within a radius h of each other, HT;H < Thé+2=3  where the degree of all the optimal
cost approzrimating polynomials is d + 1. Finally, assume that the mazximum patch
diameter is proportional to the maximum consecutive patch point distance. Then
there exist constants L and K such that for any x in the i patch in a sequence, the
error between the exact and computed optimal cost is bounded by

. Li—1
Im(z) — 7 (z)] < K(L - +1)hd+2

and the difference between corresponding k™ order partial derivatives is bounded by

i

oz

oFr okt
‘8% -0z ()
J1 Jk

1
B 1)hd+2flc'
8%‘]'1 e axjk 1 *

Proof. The basic idea behind the proof is to write the true optimal cost as the sum
of its Taylor polynomial and a remainder term, then apply Lemma to bound the
difference between the coefficients of ™ and the coefficients of the Taylor polynomial.
By Lemma[3.5, there is some Lipschitz constant L such that the ezact and computed
k™ order partial derivatives of the optimal cost at x* are bounded by

S A Li—1
lo: e 1 7Thd+2—k
o} - il < ==
where T is the local truncation constant from the theorem statement. Let T be any
point in the i patch in a sequence of consecutive patches, and let D denote the

mazximum patch diameter for all the patches in the computational domain X.. By
Lemmal[3]} there exists Liny such that

k Li—1

) L ,
Y P~ ,‘<Lm T Dd+2-k
‘8mj1~~-8xjk[ ( . -T)]x:z - hL—l

By assumption, the optimal cost is smooth on X, so it follows from the definition of
the Taylor remainder constant Ry that

o i i i d+2—k
‘m[ﬂ(x—x)—P(C,m—x)}x:f‘SRTD .
Therefore
8k7T 8k7ri
e, e, )
oF S ,
< W[P(C fC',xfx)]x:i‘
o . . ,
+‘m[ﬂ'($—$)—]3(c,l‘—x)]x:i‘
-1 Dyd+2—k o
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The error bound from the theorem statement follows by setting K = (D /h)%*2 max(T Lynpn, Rr) |}
Our assumption that the patch diameter D is proportional to the mazimum consecu-
tive patch point distance h guarantees that D/h is bounded from above by a constant.
|
In sections [4{7} we list sufficient conditions that guarantee that the local trunca-
tion error of the patchy algorithm has the desired order, and the patchy algorithm
satisfies the Lipschitz condition, thus guaranteeing the error bound in the previous
theorem.

4. Local truncation error for first order partial derivatives of the opti-
mal cost. We state Theorem [4.1]whose content implies the first order local truncation
vector is bounded by ||7¢|| < Th?*!, and defer its proof until after we have established
some supporting lemmas. In this section, we always assume that the conditions on
the optimal control problem in hold.

THEOREM 4.1. Suppose 7 solves the HJB equations under the assumptions
in 2.1 Let 7 denote the Taylor polynomial of the optimal cost centered at the previous
patch point, and let 3757:1(30”1) denote the computed gradient of the optimal cost at
21 computed from the coefficients of @. There exists a ball centered at the origin in
which the Al’brekht patch must lie, a maximum consecutive patch point distance, and
a constant T' such that

835 . %(W)H. (4.1)

whenever the distance from x't' to the previous patch point is less than the mazimum
consecutive patch point distance . The mazimum consecutive patch point distance hp
must be less than the consecutive patch point distance that we derive in Lemma [[.3,
and small enough to ensure || 9% (z+1) — 9T (2+1)|| < Ma, where

H z+1

Ma < ut || 52
A<le1\¢4 3m(x)

infx\al3z (@)f(2)]
supx 4l f(@)]

infx\algz (2)g(x)]
supx \allg(2)]l

AQ<QQ@Q@QquwW+2

Ma <

Ma <

a(x)
r(x)
on

+ 1 £@))? + [lg(2)] ) mf (ax (I)I)Q

lg()II?)

The assumptions in guarantee that each right hand side of the previous four
inequalities is strictly positive.

COROLLARY 4.2. There exists a mazimum consecutive patch point distance hp
and local truncation constant T such that for any two consecutive patch points x* and
21 in the computational domain X, within a distance of hy of each other,

1+1 om'tt 2L i+1 id+1
9 @41y — 2T (@e0)|| < Tlhat*t — . (4:2)

where ag—jl(xi“) denotes the computed gradient of the optimal cost at x'11, computed
from the coefficients of the Taylor polynomial centered at the previous patch point.

12



Equivalently
‘ < Tl — i)+,

Il = [|ei#t = oa(c)
It is helpful to think of the quantities f,, and g, from (2.5)), and the solution to

the quadratic equation z from (2.6)) as functions of a nonzero vector w, so we define

= W it
) = g 1)
. (4.3)
A gn(w) =0
Z(w) = q(zitl)
Fr(w)+y) fr(@)2 428500 g, (w)2
\/ gn(w)2( ) T($Z+1) gn(w) 7& 0

As a consequence of the assumption that g—g(x)x <0, fo(w) and gn(w) cannot
both be zero away from the origin if w is sufficiently close to %(m“’l). Therefore,
z(w) is well defined. The difference between the true and computed first order partial

derivatives of 7 can be rewritten as
% OT (i+1 _
@(xiﬂ) _ or' ! (l,i+1) _ ai( i+1) _ Z(@(v’ff_er ) aj(xiﬂ)
Ox Ox Ox ||%(gj’+1)|| Ox
and the main inequality (4.1]) from the statement of Theorem will follow from the
fact that
2(ZZ (2™H1)) on, on,
ey~ L o(llgz e - 5o ) 44
+o(||5E @ - S (44)

i =
152 (@
as long as the distance from z**! to the previous patch point is less than the maximum

consecutive patch point distance.

To prove (4.4]), we define the helper function
z(‘g—;“(x”l) + t(g—g(;ﬁ“) — %($i+l)>)
(4.5)

B

Grlatth) +o((GE ) -

R(t) = ‘

so that we can appeal to the mean value theorem, and rewrite the left-hand side of

(@A) as 1+ 42(¢) for some 0 < & < 1. If R is differentiable, then its derivative is

bounded by

(H;i(g;r(m)-kt(ax(x)_ -
5@ - §2(@)
X ‘ %(CC) +t<8%($) . g%(x))“ (4.6)

13



Our assumption that the optimal cost is a strict Lyupanov function is the key fact
that guarantees that there exists a maximum consecutive patch point distance such
that %(t) is well defined for 0 < ¢ < 1 and holds. This is the main content of
Lemmas [£.3] [4:4] and

The next lemma guarantees that the denominators in the bound on %(t) (14.6)
are bounded away from zero.

LEMMA 4.3. Let © denote the Taylor polynomial centered at the previous patch
point. If w has continuous first order partial derivatives on X, and is a strict Lyapunov
function on X, then there exists a mazimum consecutive patch point distance h' and
constant T', such that

ga(z) — 5% (x)

’ ox oz

EERCEEED)

whenever 0 < t < 1 and the distance from x to the previous patch point is less than
h.

7'|| 97 (@) - 97 )|

Proof. We split the proof into two cases, depending on whether the previous
patch point is the origin or not. In either case, we will use the fact that if 0 <
o on o
55 (@) — g5 @) < |55 (@), then

|5 - 2@ . E0-E@
[22@) +t(320) - Z2@)|| ~ 1F@I- 1356 - 5@

forall0 <t <1.
If the previous patch point is the origin, then we need establish the existence of a
deleted neighborhood of radius h' centered at the origin such that

[155@] - 13510~ 3260

for all x in the neighborhood. g—;“ is nonzero away from the origin under the as-

sumption that w is a strict Lyapunov function on X., so we need to establish that
the difference between the gradients of m and T goes to zero faster than the gradient
of m as x goes to zero. The assumption (. Assumptwn@ that Q@ > 0 guaran-
tees that the leading order linear term of 2 (x) is nonzero for all nonzero x. Thus

I m( x) — z( )|/ m( x)|]| = 0 as x — 0, so there is a radius h' > 0 such that

0 o7 0
Ha—;:(ac) — 8—;(@“ < Ha—;r(x)H forallz in 0 < |jz|| <R
Since g—; and g—:(m) are continuous and r < ||z|| < h' is compact, then for any r in
O<r<n,

sup
r<|z||<h’

50l -5 - )

Thus, the lemma holds if the previous patch point is the origin, and the distance from
21 to the origin is no greater than h'.

14



For this lemma to apply to the patchy method, the Al’brekht patch A must lie in
the neighborhood of the origin of radius h', and the neighborhood of radius r must lie
completely inside the Al’brekht patch.

We now consider the case where the previous patch point x* is not the origin, so
its distance to the origin is at least r. ||9%(z)| is bounded away from zero on X, \ A,

g—:(a:) - g—z(x)ﬂ =0, so there exists an h' such that

s |52 - 125 S|
x—a*||<h’

and lim,_,

and we have established the validity of the lemma when the previous patch point is not
the origin. O

Our next task is to establish the existence of Ma so that z(g—;r ()+A)/]| % (x)+A]
is uniformly bounded for all ||A|| < Ma and all z in X.. This is the content of lemma
44

LEMMA 4.4.

R HORN]

o 135 (@) + A
INEQA

for any nonzero Ma satisfying

Ma < int || 5500
infs| 22 (2) £ (z)|

Ma < —pslF @I 4.7
1Hf30|a7( r)g(w)]

Ma < = pscls@

where

om 1. . on, .
S= {x € XC\A' ‘a—aﬂ(m)g(aﬁ)’ < \/2 lel\fA’I“(Z‘) Xm\fA ax(x)x’}

The assumption that w is a strict Lyupanov function and the definition of S
implies that both supgl|| f(x)| and supgc|lg(z)|| are strictly greater than zero, so Ma
is well defined.

Proof. Let w = g—g(a:) + A, ifw-g(z) #0, then by the formula for z(w) in (4.3),

) @ @)+ (e f@)? 425 (- g()?
[[wll (w-g(x))?
Since (g%(x) + A)g(x) appears in the denominator of (4.8), we split the proof into
the two cases where x is in S or its complement.
If x is in S, then by the definition of S and the assumption that 7 is a strict
Lyupanov function

r(zx) (4.8)

om
S (@)f (@) < —me\fA |97 o

15
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Therefore, if Ma satisfies the second condition in (4.7)), then there is a strictly negative
uniform upper bound on (4=(z) + A)f(z) for all x m S and dll Al < Ma. It

follows that for all x in S, the square root term in ) has the Taylor expansion with
remainder

\/(w~f(x))2+2i(m§(w~g(x))2Z—(w'f(x))<1+z(x)(w:g(x)f 1 )

for some £ > 0. So, for all x in S and all ||A]| < Ma

|2(35 (2) + A)] _ q(x) [ q(x)
155 (@) + )l (Fr(2) + A)f(2) VIHE = (F5(2) + A)f(x)

(4.9)

which also holds in the case where (9= (z)+A)g(z) = 0, and consequently z(5* (z)+A)
solves a linear equation . The supremum of the right- hcmd sz'de of [@.9) over S
and all A < MA is ﬁmte The first two conditions on Ma (4.7) guarantee that the
infimum of ||(9=(z) + A) f(z)|| is strictly greater than zero over S and all A bounded
above by Ma in norm. The function q is continuous on the compact set X.\ A D S,
therefore its supremum over S is bounded.

We now turn to the case where x is in S¢. In this case, the only way z(w)/||w||
can become unbounded is if (3% (x) + A)g(z) can become arbitrarily small, but
this cannot happen. By the definition of S, the infimum of |g—;(x)g(:§)| over 8¢ is
strictly positive, and the infimum of [($%(z) + A)g(x)| over S¢ and all A bounded
above in norm by Ma is also strictly positive.

O

Our final task in establishing Theorem [£.1] is to show that there exists an Ma
such that the gradient of z(w) exists and is uniformly bounded over 2Z(X.\ A) + A
for |A|| £ Ma. This is the content of Lemmas [4.5] and [4.6].

LEMMA 4.5. Under the assumptions on the optimal control problem of the
function z that solveszs continuously differentiable in a nonempty neighborhood
of every point in 37 (X, \ A).

Proof. By the implicit function theorem [8, ch. 9], a solution to ax®+bx+c =0 is
a continuously differentiable function of its coefficients in a neighborhood of ag, by, and
co if xg solves the quadratic equation with coefficients ag, by, and ¢y, and 2apzg—+by #
0. To conclude that z(w) is continuously differentiable in a neighborhood of each point
in 8% (X, \ A), we must verify that *%gn(%(lﬂ)yz(%(m)) + fn(ZZ(2)) is nonzero
for every x in 87r()(7\./4)

As a function of x, Bx Tt is continuous under the assumptions that f, g, r, and g—;

are continuous on X, \ A. Furthermore, 2735 18 nonzero on X, \ A by the assumption
that 7 is a strict Lyapunov function, so there is a nonzero uniform lower bound on
both |g (x)&| and || a”H on X\ A. It then follows from the identity

—@gn(gimf (§Z< )+ f”( () —‘ H

that — l)gn(ax (2))22(9Z(2)) + fu(9Z(x)) is nonzero for every x in 9= (X,
We now verify that there exists an Ma > 0 such that ”%(E(X \A)
16
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uniformly bounded for all ||Al| < MAa.
LEMMA 4.6. If Ma satisfies the conditions of Lemma in (4.7) in addition to

1 877 2 q(x) 2 2 2
M < 3 s (|57 1@ + 25 IoIF) + L@+ o)
) or, . .\2
x%(a—x(az)x>
then
0z [ Om
su — | = A Q.
—XC\I; |8w<833()+ ) <
A< Ma

Proof. Let w = 9%(z)+A. By Lemma 92 eyists in a neighborhood of 9% (x)
for all x in X.\ A, and an implicit formula for it is

0z 1

0™ = Falw) = L ga(w)o(w)

~—

2(w) \2
’ [(Hw”) gn(w)(lwll2g(z) = gu(w)w)

+m%mmwfmﬂ<um

lwll2 [wll2

Both f and g are uniformly bounded on X\ A. Since A < Ma < inmeg—g(x)H,

w is nonzero, and the terms f,(w) and g,(w) are both uniformly bounded on X.\ A
for all A < Ma by the supremums of f and g on X.\ A. By Lemma the term
z(w)/||w|| is bounded.

The only remaining term that can potentially become unbounded is (f,(w) —
le)gn(w)Qz(w))_l. This quantity can be rewritten as

_9n (w) M
(f”(w) r(z) r(z)

- ((a—ﬁ(x)fn)z + E(x A)) (4.12)

155 () + A2 \\ Oz ’ '
Equation (4.11) follows from the fact that both sides of the equation are formulas
for the discriminant of the quadratic equation (2.6). If we solve the HJB equation
(1.3a]) for q(x) in terms of g—;r(x) and the other problem data, and then substitute this
formula into (4.11)), then we arrive at (4.12)). We defined Ma in the lemma statement
so that E(x, A) = O(||Al]) and the infimum of (4.12) is strictly greater than zero over
X\ A and all ||A|| < Ma. O

2

2(w)” = fa(w)? + 228 g, (w)? (111)

5. ¢, satisfies the Lipschitz condition. THEOREM 5.1. Under the assump-
tions on the optimal control problem of 2.1}, there exists a mazimum step size hy, > 0,
mazimum multiplier M,q, > 0, and Lipschitz constant Ly such that for all * and
2 in X\ A within a distance of hr of each other, and for all M < M,,qy,

161(C*) = $1(CH)|| < LM ||z — 2|4+

17




whenever
||CJZ - (i';” < M|zttt — Y9277 for0<j <d+1

where C? is the vector of exact partial derivatives up to order d+1 of the optimal cost
at z*. The theorem holds for any Mz, hr pair that satisfy mazimum consecutive
patch point distance multiplier condition of Definition[5.2

DEFINITION 5.2. The mazimum consecutive patch point distance hy and the
mazimum multiplier M .. are said to satisfy the maximum consecutive patch point
distance multiplier condition if

hy >0 Mgz >0 hy < hr (\/ﬁLinhMmaz + T)hdLJrl < Ma

where L,y 1s defined in Lemma hr and T are the maximum consecutive step size
and local truncation constant from Corollary[[.3 and Ma satisfies the inequalities of

Theorem [{.1].

Proof. [Proof of Theorem |5.1] If w = %—5(0, 2t — %) is nonzero and z is defined
at w, then ¢; can be expressed as

or
ox

%(07 l,i+1 o IZ)
|55 (C it —at)|

$1(C) = z( (C "t — :C’)) |

where P is the polynomial whose coefficients are held in C', and is defined in Lemma
We will show that there exists L’ such that, if the conditions of the theorem are
met, then

‘z(%—i((ﬁ,xi“ — xz)) — z(%—f(C”,x”l - xl)ﬂ < LM ||zttt — g4+t (5.2)

Ol g+l — gi opr éi7$i+1 —t ) )
( —— ,) - a;(A, , ,) < LM |ja+t — gt at! (5.1)
(e =) 52 (C 2t — )

S

Q|

xr

and

which implies the conclusion of the theorem.
We start with the inequality in (5.1). P and all its partial derivatives are linear
in its first argument. If

P . . ) P .. . ) P .. )
L L B
then
%(Ci7xi+1 _ Ii) %(éi)xiﬁ-l _ xi)
H%(Ci’xiﬂ _ zz)H ”%’(Cﬁi,miﬂ _ xz)”
H%—f(Ci — O, gttt — x?) ‘
T IGE(C at — )| [5E(C - Catt —at)|
_ \/ﬁLinhMHle _ 9L,z'HcH-l
T IGE(C @t — )| — IR (C - Gttt — )|
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where the final inequality follows from Lemma The inequality in (5.1)) will follow
after we establish that for some e,

0<e< _x)‘_"%(ci_éi’xi+l_xi)

|5

“ (5.3)

(5:3) also guarantees that 92 (C?, 1 — %) is nonzero. C holds the exact partial
derivatives of the optimal cost at z’, so P(C",x — ') = @(x) where 7 is the Taylor
polynomial centered at z*. By Corollary

) o e | [ B R
X
< T||l‘i+1 _ xi”d—&-l.
By Lemma [3.4]

o 9P .
il o TR E o S A Nl DRSS
Hax(c’m =) 833(0 .

Inequality follows from the final strict inequality in

“%(Ci7wi+1 “

'H o) H 2 g

)| < VAL M2 = o]

—z') ’— Hg—f(Ci—C’i7xi+l—xi)

e

)
> inf Hi(az)H — (VALigh Minax + T)hEH
XAl Oz

>0

The maximum patch point multiplier condition (Definition [5.2)) was defined so the
last inequality is strict.

We now prove that the inequality (5.2)) holds by applying the mean value theorem
to z(w). If

OP i w1 _ iy O i

"87(0,33 —’I)—aj(w )HSMA (5.4)
and

ai Ni il i aj i+l

Hax(c’x _x)_ﬁx(x )HSMA (5.5)
then forall 7in 0 <7 <1,

opP i+1 i oP ;i i+1 i or i+1
— — el ) - == <
|0 =G (€ =)+ 7o a —at) - TR )| < Ma



meaning that every point on the line segment connecting 42(C%, 2" — z%) and
%—5(6”, 21— 2%) is at most a distance of Ma from g” (1), Therefore, z is well de-

dx
fined at the endpoints, and by Lemma there is a uniform bound on the magnitude
of 3—5) over all such lines. Inequality will follow once we show that the conditions
of the theorem guarantee that inequalities[5.4] and [5.5] hold. By assumption, hr, < hy,

so by Corollary .2 and Definition [5.2]

H%(miﬂ) B gﬁi(civmﬂrl — ) ’ < Th™+! < Ma
and
H%(xﬂrl) _ %(Ci’xi+1 — &) ‘
< }‘%(Cz O gt ) ‘ T "%(xz+1) _ g(Ci’xi+1 — ) ‘
< (VnLigh Myax + T)h4H
< Ma.
O

6. Local truncation error for second and higher order partial deriva-
tives . THEOREM 6.1. Let C* and C't! denote vectors of exact partial derivatives
of the optimal cost at the consecutive patch points x' and x't! in the computational
domain X.. If the optimal control problem satisfies the assumptions of , then
there exists local truncation constant To < co and mazimum consecutive patch point
distance h > 0 such that for all2 < j < d+1,

IC;H = ¢, (CH)I| < Tlla™ = 2|57 whenever |2 — 2| < h

We delay the proof of Theorem until after we have developed an overview of its
main ideas.

Let 2T! denote the computed optimal direction at the current patch point x =
2+t1. There are two changes of variables associated with the computed and exact
solutions at the current patch point. They are

‘,"Ci—i-l

I

z
[Ealn
We denote the computed and exact optimal cost and control under the changes of
variables as

r =2t 4 VE V! =2t Ve vi= (6.1)

ﬁ_z’-‘rl(é) = 7Ti+1($i+1 + Vé) ﬁ'(&) = ﬂ(l‘i+1 + Vf) (6 2)
FEHE = KT T 4 V) F() = k(@™ 4+ VE). '
We defined the Kronecker derivative notation a% R ® 8% in and the
appendix, and it is merely a bookkeeping mechanism for mixed partial derivatives.
The patchy algorithm computes the k" order partial derivatives with respect to the
change of variables of the optimal cost, then recovers the partial derivatives with
respect to the original state space variables by the formula
0 d . . 0 O . iiq,2 . N
— R @ — [ (@) pegitt = =@ @ —=[FT(EO)]ezoVI®---0VT. (6.3
- o7 @l = o ST @V T B TTL (63)

k times

k times
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The exact k** order partial derivatives of the optimal cost with respect to the original
state space variables are recovered by

2@@2[()] ) 7£®“, 0
Ox g L =ttt =

k times

- T T
D€ ® %[W(S)]E:OV %mme(?v - (6.4)

k times

There are two main ideas behind the proof of Theorem [6.1}] The left hand side
of is the same for any choice of orthogonal matrix V in the change of variables
z = ' + V&, In the case of the computed partial derivatives of the optimal cost,
the entries in 6% R ® aaé appearing on the right hand side of are a mixture of
characteristic and non characteristic partial derivatives. Despite this, the computed
partial derivatives with respect to the original state space variables of the optimal
cost are invariant under any choice of orthonormal vectors {V] 7_; in the change of
variables z = 2/t1 4+ V¢ as long as V! = &#+1/||#+1||. This is the first main idea and
is the content of Lemma Corollary and Lemma [6.4

The second idea is that there exist two convenient changes of variables that sim-
plify our task of establishing the desired bound on the difference between the partial
derivatives with respect to the original state space variables of the exact and computed
optimal cost by bounding the difference between the partial derivatives under the con-
venient changes of variables. The advantage of this approach is that we may treat
the case of bounding the difference between the computed and exact characteristic
partial derivatives independently of the non characteristic partial derivatives.

Once we have established these two facts, we will prove the theorem for the second
order partial derivatives of the optimal cost and proceed by induction.

The relevant interpretation of Lemma is that, taken as a group, the charac-
teristic partial derivatives that the patchy algorithm computes at the current patch
point can be expressed as an orthogonal transformation of a vector that depends only
on partial derivatives of the problem data at the current patch point, and on partial
derivatives of the optimal cost that are of strictly lower order than the characteristic
partial derivatives being computed. Secondly, all these partial derivatives are with
respect to the original state space variables.

LEMMA 6.2. Suppose V is an orthogonal matriz whose first column is the exact
normalized optimal direction, V' = i/||%| at x = 2*TL. Let (&) denote the optimal
cost under the change of variables v = x't' + V&, Then, at x = x*t!, there exist row
vectors wP € R”p_1X1, independent of V2,..., V™, such that the exact characteristic
partial derivatives of the optimal cost satisfy

0 romw )
o [8—&@)} o= @@V
2 2 877? — (w3(z ! T
9% © o Lo, Oy = (M) VeV (65)
9 o o7 b it T
a?®"'®£{az(§)hzo:(w @) Ve eV

where w* (x'T1) depends only on partial derivatives of the problem data and partial
derivatives with respect to the original state space variables of the optimal cost of order
k —1 and lower.
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An analogous statement is true for the computed characteristic partial derivatives
of the optimal cost.
_ Proof. To reduce the number of terms in some of the ensuing formulas, let F and
{ denote the dynamics and lagrangian as functions of the new coordinates.

F(&) + 3(&)R(E) (&) = q(&) + %f(ﬁ)ff(é)z

F(¢)

where the tilde functions appearing on the right hand sides are defined by the change
of variables x = '+t + V€.

We will prove the lemma in the representative case of the third order characteristic
partial derivatives of the optimal cost. It follows from the HJB equations that a
formula for the exact third order characteristic partial derivatives of the optimal cost
is

35 27 3 2% 3
07 )= 2T )2 0y I 0) 2 (g

0¢5,065,06 @l | og;, 06 og, 0¢,, 06 O¢,,
o7 &2F 020
—(0 0 0)]. (6.6
" 65( )6€j1a§j2( ) " afjlagjé( ) ( )

The right hand side of the formula contains three distinctive types of terms
characterized by the order of the partial derivatives of w, F, and (. The first type is
the product of a second order partial derivative of © and a first order partial derivative
of F, the second type is the product of a first order partial of 7@ and a second order
partial of F, and the final type is a second order partial of {.

We will show that each type of term can be written as the product of a row vector
that depends only on the partial derivatives of both m(x) and F(x) at x = 2! and
the column vector Vi ® V32, We tackle the first type of term first. A formula for

oy OF .
o, 0 (V)2 (0) s

27:('_ r- n -
a?jlag (0)56];(0) = [Z(gi, L;;(x)]x_ﬂﬂ) ® (% [F@] )

o=1

V.jl ® V]z .

(6.7)
The quantity on the right hand side of depends only on second order and lower
partial derivatives of m(x) and F(x) evaluated at x'™*. To derive a formula for

%(O)%(O) with the desired factor V71@V7I2  we use the fact that for every permu-
J2 71

tation (i1,1i2) of (j1,J2), there exists a permutation matriz P, that depends only on the

permutation and not the choice of basis vectors, such that Vit @ V2 = P(VIt @ VJ2),

Therefore, a relevant formula is

vz OF
9¢;,06 " 7 0¢;,

(0) =
Sl ) e (lme] )

o=1

le ® V]z

Although tedious, we can derive formulas for the other terms in that are
the product of a row vector that depends only on the second order and lower partial
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derivatives of the optimal cost and problem data with respect to the original state space
variables, and the column vector VIt and V72, It follows that there exists w(x'™!) €

R™ %1 such that

o3 4 T .
———(0) = (W (zh)) VI @ V2
8§j16§j2851( ) ( ( ))
so the formula for 6‘% ® é% [3—5(5)} o in the theorem statement follows.

The proof for the computed characteristic partial derivatives is analogous. O

The relevant interpretation of Corollary [6.3is that, under two changes of variables
that share the normalized computed optimal direction at the current patch point as
their first basis vector, the two sets of computed characteristic partial derivatives of
the optimal cost at the current patch point are related to each other by an orthogonal
transformation.

COROLLARY 6.3. If V and V are are orthogonal matrices whose first columns
are the normalized computed optimal direction at © = x'T1, that is Vi = V! =
#1T1 /|| 2|, then the approzimate second and higher order approzimate characteristic
partial derivatives of the optimal cost computed under the changes of variables

=24 VE $=$i+1+vé

are related by the orthogonal transformation

VIV & @ VT

0 0 roxtt 0 0 roritt
220 o e g ©

£&=0  O¢ 0¢
Proof. The proof for the case of the approximate third order partials of the optimal
cost is representative. By Lemma there exists a single vector w't! that depends
only on the previously computed lower order partial derivatives of Tt (z) at x = 2*+1
such that the characteristic partials under both coordinate transformations are given

by

lee

i@i[aﬁiﬂ(y = W) VeV
of = ol aE, Vleo
and
i@i[ﬁ(] = (W) VeaV.
of ~ oil oE, e

The conclusion of the corollary immediately follows from the identity
(W) (Ve V) =w) Ve -aV)V Ve - -VV)

0

The content of Lemmal6.4]is that, under two orthogonal changes of variables that
share the normalized computed optimal direction at the current patch point as their
first basis vector, the two sets of computed characteristic and non characteristic partial
derivatives are related by an orthogonal transformation. Thus, it follows immediately
from that the computed partial derivatives of the optimal cost with respect to
the original state space variables at the current patch point are the same under two
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different orthogonal changes of variables as long as the changes of variables share the
normalized computed optimal direction as their first basis vector.

LEMMA 6.4. If V and V are orthogonal matrices whose first columns are the
normalized optimal direction at © = x*t1, that is V' = V1 = &1 /|| &+Y|, then the
approximate second and higher order approrimate partial derivatives of the optimal
cost computed under the changes of variables

I G o= ity VE
are related to each other by

B O i,z -
—ag®~~-®—ag[w*1(5)]5:0(VT®~~®VT):

9 o @, (w0
aé® ®aé[7r O] gV @0 VT).

Proof. The conclusion of the theorem will follow once we establish that the quantity

) 0 i o o
—ag®---®a—é[w+1(€)]g:0(VTV®---®VTV) (6.8)

is zero. We will prove the lemma for the third order partial derivatives of the computed
optimal cost, which is a representative case.

It follows immediately from the definition of the % R ® % notation that each
entry in the term appearing on the left of can be extracted by multiplying by one
of the standard basis vectors. Any standard basis vector in R™ can be expressed as a
Kronecker product of three standard basis vectors in R™, so

937i+1 9 9 O o~
W(O) = F ® ? ® ? |:7T’L+l(£)j| é:Oejl ® €j2 ® 6]'3,
€5, 065,08, ¢ 06 0¢
where e; denotes the j™ column of the identity matriz. We will establish that the
difference in is zero by multiplying it by e;, ® e;, ® e;, and showing that

o3t 0 0 0

or o (0= s @@ L [FHH ] (VIV @ VIV e VIVE
agjlafjgafjg(()) 3§®8f®ag [W (5)]5:0( ® ® )

is zero for any 1 < ji1,jo,j3 < n, which is equivalent to showing that

_PT )
8§J'l 85]'2 85]-3
53D P) Yl (RTINS LR ) )
oc1=109=103=1 afajl 850_72 agaj?’

18 zero.
The partial derivatives of 7~ri+1(£) and 7%”1(5) at £ = £ =0 are computed by two
different methods depending on whether they are characteristic or non characteristic
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partial derivatives, so the proof that the quantity in s zero naturally breaks up
into two cases. In the characteristic case, at least one of the coordinate indices ji, jo,
or js is one, and we may assume that jz = 1 without a meaningful loss of generality.
The columns of V and V are both orthonormal sets, and V! = V! by assumption,
so Vos .Vl = 01,04, Where 01 4, is the Kronecker delta. Therefore for any ji,j2 in
1 < j1,72 < n, the difference in reduces to a quantity that depends only on
characteristic partial derivatives of the optimal cost

837}1‘4-1 Z Z(
agjlagjzafl o1=103=1 8507 agg] 851
P o o ort
:ﬁ;ﬁf@_ﬁ®ﬁ[
0F, 06,08, OF " o€
=0.

34141 R . R .
o°r (0)(VU1 . V]l)(VUz . ij))

3 (5)}5:0(‘/ vrevive) (6.10)

The first equality follows from the definition of the % R ® , and the second

equality follows from Corollary . Therefore the quantity in s zero whenever

3377[_i+1
0€;, 0¢,, 08,
We now show that the difference in 18 zero in the mon characteristic partial
derivative case, that is, when none of the coordinate indices j1, jo, or j3 are one. By
a standard argument

(0) is a characteristic partial derivative.

3 ~i+1
agjl asz agjs
(262 0 2 [w@), (VO V& V)] [V779 0 VT @ 7T75]
Ox  Or Oz w=aitl

The right hand side of the previous equation is the product of a row and column vector.
Since none of j1, ja, or js is one, the previous equation can be rewritten as

83
6£j 1 6§j2 agjs

>3 S (Lo o L[] (V7 0 V7 0 7))

o1=202=203=2

[ﬁ-“‘l (E)] é:o —

x (e vy (U ) (7o TR)) - (611)

where the summations all start at two because V' - Vit = V1. Viz = y1.yis = .
Thus, the sum on the right hand side of depends only on non characteristic
partial derivatives of 71'”1(5) at £ = 0. Therefore when j1, j2, j3 #1, 0538%7581&8(0) can
J

be expressed as a linear transformation of 2 ag e ® 8%[7%”1(5)]5:0, whose entries
are composed of both characteristic and non characteristic partial derivatives. The
conclusion of the theorem follows from the fact that and cover all of
(6.9). O

We now turn to the task of constructing two convenient changes of variables,
meaning we can pick V' and V in such that V and V7 are almost inverses of
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each other. This is the content of Lemma[6.5 which in turn relies on Lemmal6.6] and
Corollaries [6.7 and [6.8

LEMMA 6.5. Let &'t denote the optimal direction at x = x't! computed by the
patchy algorithm from the exact partial derivatives of the optimal cost at the previous
patch point. If the optimal cost w(x) is a strict Lyapunov function and the distance
between the current and previous patch point is less than the mazimum consecutive
patch point distance h > 0, then there exists a constant B < oo and orthogonal
matrices V and V such that

1 & 1 @t

e o [la|
and
VTV —1I|| < Blja"*" — 2*||**!

where the degree of the approzimate optimal cost polynomial 7'+ is d + 1.
Proof. By Theorem [/.1], there is a constant T < oo and a mazimum consecutive
patch point distance h > 0 such that

aﬂiJrl

H%<xz+l) Oz

(xi+1)H < Tzttt — 2|
Therefore, there exists an € > 0 such that, for any x**! in X.\ A within a radius of
h of the previous patch point

l# — @™ = O(|l=™ — |71 and 0 <e<|if —[l& -

The result of the lemma follows from Lemma where V and V are constructed, and
Corollaries and where the bound on VIV — I| in the lemma statement is
established. O
We construct orthogonal matrices V' and V associated with the changes of vari-
ables for the exact and computed optimal cost such that VT and V are almost inverses
of each other. This is the content of Lemmal[6.6] which is mostly a restatement of [10),
pg. 73] in terms relevant to our problem.
LEMMA 6.6. Suppose v and v are nonzero vectors in R™ such that v-v > 0, then
there exist orthonormal bases {V ..., V"} and {Vl, cee V”} with the properties
1. Vi=v/|v| and V' =0/|9|
2. Y, (V1 f/j)Z — 2?22(91 . Vj)2 =1- (V! ‘71)2
3. The sets {V2,...,V"} and {V2,..., V”} satisfy the orthogonality condition
(Vj-Vk) =0 whenever j #k and V1 - V! SVj-Vj <lfor2<j<n
Proof. The first property from the lemma statement is trivially achieved by setting
V1 and V1 to the unit vectors in the direction of v and .
Let W be any n x n — 1 matriz whose columns are orthogonal to V', and define
W analogously. Let M and M be the orthogonal matrices

M=[Vl W] M=Vt W]

then MTM is orthogonal. The second statement of the lemma is just a restatement
of the fact that the first row and column of MT M both have unit two-norm.
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The third statement in the lemma statement requires a special choice of bases for
the subspaces orthogonal to V' and V'. Let WTW have the singular value decompo-
sition

wWTw =Uxvu”

where ¥ is an n— 1 xn—1 diagonal matriz. If we take the sets {V7 J—o and {V7 =2
to be the columns of WU and WU, then {VJ i—o and {VJ =g are orthonormal bases
for the span of the spaces orthogonal to Vi and VY. Furthermore, it follows from the
fact that (WU)"WU =X that {VI})_, and {VI}'_, are biorthogonal and V7 - V7 is
a singular value of WTW when 2 < J<n. R R

Finally, we must verify that V1 -V <VJ.VIi <1 for2<j<n. Let N and N
be the orthogonal matrices

N= [Vl WU N= [Vl WUl
Their product has the form

ATy - [ VRV vhT )
o)tV N

Each column of ofNTN has unit norm, in particular the last column contains Umm(WTW),I
the smallest singular value of WTW , and thus satisfies

1< 0min(WIW)2 + |(VH) WU |P?
— min (V7 - V7)? 4+ |(VHTWU|?

J
2

<min(V7-V5)" +1— (VI VY~
J

It then follows from the final inequality and the assumption that (V1 . Vl) > 0 that

VIi-VIi>VI. V! for2<j<mn. O
Corollaries and establish a bound on ||[VTV — I|| in terms of the difference
between the true and computed optimal directions at the current patch point.
COROLLARY 6.7. Let V and V denote the orthogonal matrices whose columns
are {V7}7_, and {vi n_y from Lemma then

1T =VTV]ls <2v2/1-Vi- T3
Proof. Partition the matrices V. and V as
V=W W] V=[wn w].

W and W were constructed so that their columns have unit norm and satisfy wi .
Wk = 0 whenever j # k. Let ¥ = WTW , where ¥ is diagonal and its diagonal entries
are W; - W;. I —VV can be expressed as

I-VTv =

R o] {0 VITW:|. (6.12)

0 I-% wTv, 0
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By Lemma Y =W, -W; > Vi-Vi, so the norm of the diagonal matriz appearing
in the right hand side of (6.12)) is bounded by

<1-V-W (6.13)

1-Vi-Vi 0
O 2

I-%

Let x be a unit column vector partitioned as x = [x1 )T, then the following bound
on the morm of the second matriz in (6.12) follows from the fact that |VIW|? =
WA =1 - Vi V¢

E.

0 . .
H[WTvl o | laglll = IV Wasl® + W Via|®

2
< VWP ll2l® + (W VAP (L = Jlz2]®)
<2(1-Vi- W)

(6.14)

The conclusion of the lemma follows from (6.13)) and (6.14). O

COROLLARY 6.8. Suppose v is a nonzero vector, and ||v — |2 < [[v||2, then there
exist orthogonal matrices V. and V' such that their first columns are

1 v o1 v
= — V = —
[[v]] 191l
and
||I _ VTV” < 4 ”U — UH _
[[v]| = [lv — 2|

Proof. The corollary follows from Corollary[6.7 and the fact that

H v v
[l [loll

— 0|

whenever ||v — 9] < ||v||-

<2t
[oll = llv = 2]

0

The relevant interpretation of Lemmal6.9] for the purpose of proving Theorem [6.1
is that VTV and the repeated Kronecker product VTV of the orthogonal matrices
from the convenient changes of coordinates are both perturbations of the identity
of the same order. This fact is useful for bounding the difference between partial
derivatives of the same function under the two changes of coordinates.

LEMMA 6.9. If A and B are matrices such that AB is in R"*™ and ||AB—1I,||2 <
1, then

I(AB® - @ AB) — Lyrll2 < (2" = 1) AB — L2

where the Kronecker product on the left hand side of the inequality is repeated k times,
and I, and I« denote the identity matrices in R™*"™ and R *"".

Proof. The proof of the lemma rests on the fact that for any two matrices C' and
D, ||C®D|2 = ||C|l2||D]|2- A standard induction argument establishes the conclusion
of the lemma. O

We now turn back to the task of bounding the difference between an exact and
computed partial derivative of the optimal cost with respect to the original state space
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variables at the current patch point. This difference is given by the formula

oFn i+1 Pt i+l _
R T T
o 0 .. 0 0 it1,2
87£®®87£[7T(£)]5:0—875®®;é[ﬁ+l(£)]ézo
_2®...®ﬁ[7~7(5)] V'Ve - aV'V-I)
o€ gg e

Vi, @---@V7Te;. (6.15)

There are a few things to note about the right hand side of . The first is that
it is the product of a row vector on the left and column vector on the right, where
the column vector VTejl R ® VTejk has unit norm since it is the column of an
orthogonal matrix. It follows from the Cauchy-Schwarz inequality that the the right
hand side of is bounded by the norm of the row vector. This row vector has two
terms, the first is the difference between the exact and computed partial derivatives
of the optimal cost with respect to the changes of variables. The second is involves a
vector composed of partial derivatives of the exact solution times a small perturbation
of the identity. It follows from assumption that the optimal cost is smooth on the
compact computational domain and by Lemma that there exist 7" < oo such that,
whenever the current patch point is within a radius of the maximum consecutive patch
point distance of the previous patch point, this term is bounded by

Ha%®-..®;’—gwmzo(vT‘?@~~®VT‘7*I>H

<@y w7 oo gy -1

< T/Hl‘iJrl _ $i||d+1.

(6.16)

This bound is independent of p, the order of the partial derivative, when p > 2. The
remaining work is in establishing the existence of some T" < oo, such that under the
convenient changes of variables

o & gelrea g oo =@

2
< T//||1'i+1 _ mi||d+2fk (617)

whenever the distance between the current and previous patch point is less than the
maximum consecutive patch point distance. We will bound the left hand side of
by bounding each of its entries by considering two cases, depending on whether
the entry is the difference of exact and computed characteristic or non characteristic
partial derivatives of the optimal cost.

With this approach in mind, we will need a bound on the partial derivatives of
the problem data with respect to two changes of variables. This is the content of
Lemma

LEMMA 6.10. Suppose all partial derivatives of s : R™ — R up to order k ezist
and are continuous in a neighborhood of T in R™. Iff/ and V are orthogonal matrices
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and § and § are defined as

then

(28 — 1)”% R ® %[s(x)]xﬂ

VIV =1l

If the components of G : R™ — R" all have partial derivatives up to order p in a
neighborhood of  in R™, and G and G are defined as

GE)=VTG(z + VE) GE)=VTG(z +V¢E)
then

HL(O) L o) <
8€J1 gjk afjl o 85% 5

2kpt/2 maXH ® - ® —[Go(T)])p=z

V —1|s.
ox v l2

Proof. A k™ order partial derivative of 5 can be expressed in Kronecker notation
as
o*3 0 0 ~ ~

so after a sequence of algebraic manipulations, the difference between the partial
derivatives of 5 and § is

0 0 - ~ g Ny
:‘a*x®"'®87[8]z:i(VVT®"'®VVT—I)(le®"'®V“)

<@ )| 2o fs(w)ems

—I|o.

The last mequalzty follows from the Cauchy-Schwarz inequality, Lemma-, and the
facts that V' @ --- ®@ V& has unit norm and |[VVT = I||y = |[VIV = I||,.

The dzﬁerence between the partial derivatives of G under the two changes of vari-
ables is bounded by

oF I oF o an
HM[G<x + Ve — W[G(x + Vf)]é:oHQ
) .
< (28 —1)n'/? maXH @ ® %[Gé(x)]m:i ) VvV — I,
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This bound is derived by using the result of the first half of the lemma to bound the
infinity norm of the difference between the partial derivatives. The second result of
the lemma follows from the previous bound and the identity

GE)-GE)=VT[GE+VE -G+ VE+(VVT -Gz +VE).
O

The next corollary differs from the previous lemma in that it bounds the difference
in partial derivatives of two different functions with respect to two changes of variables.

COROLLARY 6.11. Suppose all partial derwatives of s,5 : R" — R up to order
k exist and are continuous in a neighborhood of T in R™. If V and V are orthogonal
matrices and § and § are defined as

5(€) = s(z + VE) 5(6) =s(z+ V)
then
o3 oFs
. _(0) — — (0
7,5, a5, <
0 o
|55 @ ® grls@) —5@lems ),
0 o A
+ (2 = 1)|| 5o @ @ 5 ls(@)lams || IVTV ~ 1l
Proof.
o3 o5
_ 0) — — 0
85.71 85] ( ) afjl 8§]k( )'
_ ’(2 oo Do) — 5(a)] =) (V@0 V)
Ox ox o
+ % Q- ® %[s(x)]z:E(VTV@) e VTV)(eJd @ ® ejk)
d d
< H% ® @ 5o[s(2) = 5(@)]ams|
0 0 A
+ (28 - UH@TE @ @ o [s(@)a=s| | IVTV — 115
0

We now have all the ingredients necessary to prove Theorem
Proof. [Proof of Theorem [6.1] We denote the problem data under the two changes
of variables in (6.1)) as

F©) = VT f@ ™t +Ve) fE =V f@ +VE)

3 =VTga™ +V¢) 9 =VTg(a™ + Vi) (6.18)
(&) = q(=z" + VY q(§) = 4= + Ve

(&) = (@™ + V) #(E) = At + VE)

We first consider the case of the second order partial derivatives of the optimal cost, so
we must verify that the left hand side of (6.17)) is O(||z**! —2%||%). The characteristic
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second order partial derivatives of the optimal cost are given by (2.11]) and the com-
puted optimal control is given by (2.13). The exact second order partial derivatives
of the optimal const and the optimal control satisfy the equations

o 0= [ % 0)(2L o)+ 22 0)s(0)

0€; 08, [E 9 9¢;
0q 107, o
24 A 1
+ 5 0+ 556 (0R(0) )] (6.19)
and
(0) = = (22 0)30)) (620
B () AT '
The difference between ‘Zf o, ( ) and 8? e;rg (0) can be bounded in terms of two types

of differences. The first type involves terms that are the difference between the partial
derivatives with respect to the two changes of variables of the problem data.

of of g, 93

66( ) — 35( ) o (0) faé(O) oo
aq 04 or or '
3t~ 5O 20~ 5 ©

If the distance between the current and previous patch point is less than the maximum
consecutive patch point distance h, then by Lemmas and there is a single
bound that is proportional to [|z*™! — z7||**! that bounds each difference in (6.21)).

The second type of difference involves terms that are the difference between exact
and computed values of derivatives with respect to the changes of coordinates of the
optimal cost. These terms are

ox a”+1 , 1 1
— —(0 R(0) — &0 o
g e @ KO=ETO) R

By Theorem [£.1] the difference between the computed and exact first order partial
derivatives of the optimal cost is bounded by

(6.22)

z+1 or'tt pit! AIPRES ifd+1
97 o) = O (it || < 7o+ — ] (6.23)

for some 7" < oo and by Lemma there exists B < oo such that
VTV — I|| < B|ja*! — 2|+ (6.24)

Each difference in ((6.22]) shares a single upper bound that is a linear combination
of the right hand sides of (6.23) and (6.24]). The first difference is bounded by

2810 - 252 0 | e - ey 4 v |

9 . _
< (T' + B sup H((Q—W(J:)H)H:zrl+1 — gt||dtt
x
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and the second difference obeys

. i lg@)Ny at1  ayast
[7(0) = &FHO0)[| < (T sup (AR
| ( FAW r(z) > |

By assumption, the distance between z¢ and x'*! is less than the maximum consec-
utive patch point distance h of Corollary [£.2], so

. . . g -1
sup ([l (ll2] — | — &™) < oo (6.25)
X A\A
" =zt <h

and the third difference in (6.22) is bounded by

1 1 ’ llg ()
— — <(T" sup — — |z
[F2 | A ( oa  r@EldE] - [la - SE’“H)))

ot —a?||<h

i+1 JUi”dJrl

Our next task is to demonstrate the contribution from the second order non
characteristic partial derivatives to is O([|lz+! —zf||9). Let 2"t (€) = w(2+! 4
f/é ) where 7 denotes the Taylor polynomial of the optimal cost centered at z = .
If neither j; nor js are one, then by Corollary the difference between the non
characteristic partial derivatives is bounded by

0?7 o?qitt 0

4 . Y
m(o - aéjlaéh(o)‘ < (2 - 1)Haj ® o [1(@)omgrin || IVTV ~ 1|
0 0
+ (22 - 1)”(‘971. ® %[W(l‘) — ﬁ(x)]z:zi+l (626)

The first term on the right hand side of the inequality is O(||lz*+ — zf||4+)
by the assumption that 7 is smooth on the compact computational domain, and
(6.24). Since 7 is the Taylor polynomial of 7 centered at x?, then each entry in
® 2 [r(z) — 7(2)]y=gi+1 is bounded by Rp|lz*! — 2|9, so the second term on the
right hand side of the inequality in is O(||lz*+! — 2t||9).

We can conclude that the bound in holds for £ = 2, so the conclusion of
the theorem holds in the case of the second order partial derivatives of the optimal
cost.

By the formula for ag?l (0) in (2.13) and the same reasoning we just employed,
i

we can conclude that the difference between 85?1 (0) and STE(O) is O(||z*+ — 2¢||9).

The proof that the higher order partial derivjatives satisfy] the inequality in
is analogous to the second order case. We outline the proof of the third order case,
which is representative of the higher order cases. The computed third order charac-
teristic partial derivatives with respect to the change of variables of the optimal cost
is calculated from the formula in and the exact characteristic partial derivatives
have an analogous formula. As in the case of the second order characteristic par-
tial derivatives of the optimal cost, the bound on the difference between the exact
and computed third order characteristic partial derivatives depends linearly on two
types of differences. The first type of difference is the difference between the partial
derivatives of problem data functions with respect to the two changes of variables,
and each one of these differences is O(||z*T! — 2%||9~1). The other type of difference
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is the difference between the exact and computed partial derivatives with respect to
the two changes of variables of the solution. These differences are

1 1

&l [l _ L
o o R0~ 70
%(0) - Té(o) R ) arff‘fl 0 (6.27)
927 0 927i+1 . afj 8§j

Each one of these differences was treated in the second order case and is O(||z**! —
2i]|4-L).

In the case of bounding the non characteristic partial derivatives, if none of the
coordinate indices j;, jo, nor js are one, then we may apply Corollary to the
difference between the non characteristic partial derivatives

837~T a2,ﬁ.i+1
o€, BE. D¢ 0) - 252 ¢ (O)‘
J1 75727 5]3 6§jla§j28§j3
o a9 A
< 3_ = = - — i1 T —
< (#-1)|| 5 © 52 © T @lemarn |[IVTV - 1]

5 (6.28)

+ (2% - 1)"% ® 5= © 5-r(a) - ﬁ(m)]g;:wiﬂ‘

The first term on the right hand side of the inequality in is O(||x+! — zf||4+1)
by the assumption that 7 is smooth on the compact computational domain, and
(6.24). Since 7 is the Taylor polynomial of 7 centered at x?, then each entry in
® 2 @ Z[r(x) = 7(x)]y—pi+1 is bounded by Rzt — 27|71, so the second term

on the right hand side of the inequality in (6.28)) is O(||z**+! — 2?[|9~1).
0

7. Lipschitz condition for second and higher order partial derivatives.
In this section we prove that ¢; satisfies the Lipschitz condition when j > 2 under the
conditions on the optimal control problem in most importantly that the optimal
cost is a strict Lyupanov function.

THEOREM 7.1. Under the conditions on the optimal control problem in there
exists a mazimum step size hy > 0, maximum multiplier M4, > 0, and Lipschitz
constant Lo such that for all z° and '+ in X.\ A within a distance of hy, of each
other, and for all M < M 44,

161(C") = dr(C)|| < LaM |2t — &' |H27* for2 <k < d+1 (7.1)
whenever
||C]l — é’;” < M|zt — a:i|\d+2_j for0<j<d+1

where C* is the vector of exact partial derivatives up to order d-+1 of the optimal cost
at x°.

The proof mirrors the proof of the local truncation error result of Theorem[6.1] We
will delay the proof of the theorem until after we have introduced some notation and
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established some relevant bounds. We denote the two approximate optimal directions
at 't computed from C* and C* as

¢1 (Cz‘) . g(xiJrl)

gt = fla™h) - r(zi 1)

g(xi+1)
and
i+1

# = fat) -

C

SN I an )
¢1(€()xlf§) )g( z+1)

As in the case of the local truncation error result, we will work with two changes
of variables that we choose to be convenient. These changes of coordinates are
. ~ o~ - jjiJrl
r=z 4+ V¢ vi= "¢ (7.2)

[l

and

i+1 7 & 71 ié“"l

We denote the approximate optimal cost and optimal control polynomials under the
two changes of variables as

() #H1(E)
F(E) AL(E)

F@ =V f@ ! +VE) fE@ =V @ +V§)

g(é} = VT + Vi) 9(€) = VT + Vi) 74
(&) = q(=z" + V¥ q(§) = q(a™ + VE)

7€) = r(at +VE) () = r(@™ + VE)

In the course of proving Theorem we will need a guarantee that certain
quantities depending on the computed solution are finite. Lemma [7.2] provides this
guarantee.

LEMMA 7.2. If the optimal control problem satisfies the assumptions of §2.1], then
there exists an Myqp > 0 and a maximum consecutive patch point distance ho > 0
such that, for all M < M,qe and for all x* and ! in X, \ A,

inf||#5H ) > 0
. - 341 i1 i+l (7'5)
inf ([lac || — [lag™ —27) > 0

whenever

2"t — 2%|| < hy and HCJ’ - C’;H < M|zt — 2|2 for0<j<d+1
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where the infimums are taken over all M < M4 and all x'71 in X, \ A such that
2Tt — 2% < hy. C% holds the exact partial derivatives of © at x* € X, \ A.

Proof. The exact optimal direction at x**! is & = f(z*+1) + g(2' k(2. O
holds the exact partial derivatives of the optimal cost at x* up to order d + 1, so by

Theorem [{.1},
lim ((f(z"T) + g(a" k(™)) — 2t = 0. (7.6)

zitl gt

The assumption that 7 is a strict Lyapunov function guarantees that the infimum over
X\ A of ||| is strictly greater than zero. The limit in (7.6)) is uniform, so for all
in 0 < €, < 1, there exists a 81 > 0 independent of ' and '+ such that

7G5 + gl ntat™) = 851 < o ind ]

c

Therefore

lee™ | = (@) + 9@ ) s@ D] = 1f (@) + g™ (@) —
> (1 —e) inf [
A

c

>0

Thus we have established the first inequality of the lemma statement.
We will assume for the rest of the proof that M < Myey. By Theorem 5.1, if
[Ci = Cill < M||lz*tt — 2*||94277 for 0 < j < d+1, then

lim &t — gttt = 0. (7.7)
i+l 5t ¢ ¢

The limit in (7.7) is uniform, so for all €2 in 0 < ea < 1, there exists a 6o > 0
independent of * and z'T such that

It — 27| < e inf |l

whenever
"t — 2| < 6y and ||C} — CI|| < M2 —2*||"27 for0<j<d+1.
Therefore, if ||#iTL] > (1 —€1) inmejJH where 0 < €1 < 1, then

el = et — 227 > (1 - €1) Jnf J|]] = e2(1 — 1) Jnf |}z

c c

=1 —e)(1—ez)_inf |z
XA

c

>0

whenever
2"t — 2| < 61 and ||C} — || < M2 —2'|"* for0<j<d+1

so the second infimum of the lemma statement has been established. We take ho to be
the smaller of 6, and 65. O
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Corollary [7.3] provides a guarantee that any term depending on the difference
between the normalized optimal dlrectlons at 't computed from C? and C' does
not affect the order of the main bound (| in Theorem |7 .

COROLLARY 7.3. If the optimal cost 7r z's a strict Lyapunov function on the com-
putational domain X, then there ewists a Lipschitz constant L', mazimum multiplier
Mpaz > 0 and a mazimum consecutive patch point distance ho > 0 such that for all
zt and £ in X, \ A within a distance of ha of each other, and for all M < M, 44,

et g i1 gl
C _ ¢ < L/M .131 _ Z‘Z
ERE5 .

whenever
||CJZ - C';H < M2 — 22T for0<j<d+1

where C* holds the ezact partial derivatives of m at x* € X, \ A.
Proof. The bound in the corollary statement follows from the Lemma[7.9 and the
inequality

Bt g 5! — it

I = = e

z+1|| el ‘ [z

&
0

As in the case of proving the local truncatlon error result of Theorem [6.1] we will
pick the changes of coordinates in and ( so that the orthogonal matrlces 174
and V are almost inverses of each other Thls is the content, of Corollary |7

COROLLARY 7.4. If the optimal cost m is a strict Lyapunov function on the com-
putational domain X., then there exists a Lipschitz constant L', mazimum multiplier
M ez > 0 and a maximum consecutive patch point distance ho > 0, and orthogonal
matrices V. and V such that their first columns are

7,+1 2141

IISEZ“H [Erandl

so that for all x* and '+ in X.\ A within a distance of hy of each other and all
M S Mmal‘;

VIV —I|| < L'M|Ja*" — 27|
whenever
|C8 = CH| < M|z — 247277 for0< j < d+1

where C* holds the exact partial derivatives of = at x* € X.. \ A, then

Proof. For a sufficiently small mazimum consecutive patch point distance ho,
Lemmal7.2 guarantees i1 and x”‘l are close enough so that Lemma and Corol-
laries m and. zmply the bound on VIV — 1 of the corollary statement. O

As in the proof of Theorem [6.1] we bound the differences between the computed
partial derivatives of the optimal cost with respect to the two changes of coordinates,
and then show that the order of this bound does not change after recovering the two
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sets of partial derivatives with respect to the original state space coordinates and
compare their differences. Lemma [7.5[ provides a bound on the difference between the
characteristic partial derivatives, which are computed by inheritance.

LEMMA 7.5. Suppose the orthogonal matrices V and 1% from the changes of
coordinates in and are the ones from Corollary . If the optimal cost
w is a strict Lyapunov function on the computational domain X., then there exists
a Lipschitz constant L, , < 00, Mpae > 0 and a mazimum consecutive patch point
distance ho > 0 such that the partial derivatives computed by inheritance satisfy

k~it1 ksitl 4 ,
I ) LT ()] < Ll —
0, -+ O, O, -+ OE,

Jk

whenever
2"t — 2| < hy and [|C} — CI|| < M[|2™" — 2" |*2 for0<j<d+1

Proof. P is linear in its first argument, and % R ® é% 1s linear, so by Lemma

0 0 i i ‘
95 © ® gg[P(Ch 2 = 2 )asios
1o} 7] i i v
*%®®%[P(C y U — & )]z:a:"‘*'l
0 0 i i v ‘
= H%@;.--@%[P(C — O x)|pmgitr g

< nk/QLmh A T”xi+1 . xi||d+27lc
where 2 @ -+ ® 2 is repeated k times
ox Ox D :

It follows from the local truncation error result of Theorems[{.1] and[6-1] that there
is some T < 0o such that

9 9 i i _
57 @@ 57 P(C' 2 =) = 7(a) + 7(@)msin
; ; 0 0
< Tsz+1 _ x1||d+2—k + sup Hi R---® 7[7T(.Z‘)]z:xi+1
XA 9] ox

where the supremum is finite since 7 is smooth by assumption on the compact com-
putational domain. It follows from Corollary[7.4) and Lemma[6.9 that

A ~

Hf/vT ® VT — IH < (2% — D)L\ M|z — 27|+

The conclusion of the lemma follows by applying the previous three inequalities to
the following bound on the difference between the two computed characteristic partial
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derivatives of the optimal cost.

ok zitl ok it
= —(0) — — —(0)
3fj1 o 8§jk 6£j1 o agjk

12 0 LIP(CH sV - 0 T
_ % ®R-® %{p(éi’x)]wzmmf/ﬁ ® .- @ Vik
< H% @ ® %[P(Ci )y
- H% ® - ® %[P(Ci,x)}z:mm Vvl'e. . ovvT fI)H

We are now in a position to prove Theorem

Proof. [Proof of Theorem [7.1] The proof of the theorem mirrors the proof of the
local truncation error result in Theorem [6.:1] We may assume that the orthogonal
matrices V and V appearing in the changes of coordinates of ( and . are
convenient, that is they are taken from Corollary [7.4] Starting w1th the computed
second order partial derivatives, we will show that the main bound (7.1 . ) of the theorem
holds, by bounding the individual entries of ¢y (C?)—¢pr(C?). We do this by considering
the cases of the computed characteristic and non characteristic partial derivatives of
the optimal cost independently, and then proceed by induction for the higher order
partial derivatives.

We denote the computed optimal cost polynomials computed from the coefficient
sets C? and C' and centered at z*! as 7t and 712+1. They are given by the formulas

T (z) = P(¢(CY),x —a') m ' (z) = P($(C7), w — 2')

At 27t1 the difference between a p'" order partial derivative of the two computed

optimal cost polynomials is bounded by

oP 7Té+ 1

dxj, - - Oxj,

p.i+1
oPr;,

(a+) - ()|

3% - Oy,

_H wl e [[777 @ VVT 1|
+H—®~--®3[”“(£)]~ -~ @ e @l "
O€ 0" T g o€

The following two inequalities will imply that the first term on the right hand side of
has an upper bound that is proportional to M |z+! — z?||"2=* for any k > 2.
Since 7't is computed from the set of coefficients that are exact at the previous patch
point, it follows from Theorem that there is some T' < oo such that

8 . ,
H 5 7 @] < sup |26 @2 r(a))|+T e a2~ (79)
XA 0 3x
By Corollary and Lemma
HVVT ® VT — IH < (2% — 1)L, M|zt — 27|+, (7.10)
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We now prove that the second term on the right hand side of ([7.8]) has an upper
bound that is proportional to M||z**1 — z¢||*1. Each entry in
9 9 9 9

—®-- L E s —
ag ® ® ag[ﬂ- (fﬂg:o 8{2 ® ® aé

[+ (E)]¢mg

is either the difference between characteristic or non characteristic partial derivatives.
In the case of the non characteristic partial derivatives, Lemma guarantees that
the difference is at most
ok it ok aitl ) )
= —(0) — — —(0)| < Ligp MJa™*! — a||4+2=*
0E;, -+ ¢, 9E;, -+ 06,

J
so the non characteristic partials make a contribution to the right hand side of (7.8)
that is at most L] ; M||z*T! — 2%||¥*2=*_ We now consider the contribution to
from the characteristic partial derivatives. We start with the second order partial
derivatives and proceed by induction. At x‘t!, a characteristic partial derivative of
the optimal cost is calculated from the coefficients held in C* from the formula

1

%% 1 |oFtt of 0G0

a8 |¢z+1n[ o OG5 O+ 5 0RO
ﬂ 187: ~14+1 2
QRSP AULAU )] (7.11)

and the corresponding characteristic partial derivative computed from the coefficients
in C' are computed by an analogous formula. The task of showing that the differ-
ence between the second order computed characteristic partial derivatives makes no
more than an O(M ||z**t! — z?||?) contribution to the right hand side of reduces
to showing that the difference between the partial derivatives of the problem data
functions with respect to the two changes of variables

of of 99 99

97 0y~ 2L 1) 99 () — 990

9d 4 or or '
0y - “0) —=(0) = —=(0)

o0& 0& 3 o€

and the difference between each of the computed quantities
ottt ottt : : 1 1
. - ———(0) £TH0) — &TH(0) — - — (7.13)
73 o€ (s el

are all proportional to M||z*! — 2%||? or higher. In fact, they are all proportional to
M||z*t — 2t||9*L. Lemma bounds the difference between the partial derivatives
of the problem data functions in terms of V7V — I. Corollary then implies that
for some Lipschitz constant L < oo

99
o€
and and the same bound bounds the other differences in ((7.12]).
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We now show that there is some Lipschitz constant L > 0 such that each difference
in (7.13)) is bounded by LM ||z*! — 2%||4*1. By Theorem there exists an L such
that

i+l o i+l ) )
Hag; (SCZ+1)* gcx (l,erl)H < LM||1'Z+1 7xz||d+1
and by the inequalities ((7.9) and (7.10)), there is some other L
omtt i+1\ (T i+1 i||d+1
| S @ @V = )| < Lagat — oo,

It then follows from

oritl ottt oritlt 5 oritl R
H ™ 0) — 7TA (O)H:“L(xl+1)V_L(xz+l)V
o€ 0& ox ox
oritt . onitt
< c i+1y é i+1 H
<[| T - e
omt! i+1 T
c i v H
| e -
that for some L < oo,
~i+1 ~it1 _ ‘
Ha” " )= 2 O)H < LM |zt — |4+, (7.14)
o0& o0&
The differences between the computed optimal controls is at most
. . 1 omitl oritt ,
~3+1 il _ c i+1y é i+1 1+1
R4(0) = &1(0)) —(xi+1)\( () = (@) ) g

IILq(fc)IIH&rZ+1 i+ omitl

e ﬁ(wi“)H (7.15)

(x)
sup ||9($)|| i+l _ iyt
< sup EER LMt |

Lemma guarantees that for all z° and '™ in X, \ A,

lee I (ae ) = et — 2t > 0 (7.16)

in
1 =2 <hs
whenever
|2+t — 2| < hy and ||Cf, — CL|| < M|ja"! — 2|2 F for 0 <k <d+1

Therefore, for some L, the final difference in (7.13) is bounded by

T Hf'vé“ll‘

supllg(a)|?/r() |25 o) - om ||
= inf (e - aE T — s ) 1 o O (7.17)
< LM ||zt — )4+t

IE:
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where the supremum is taken over X, \ A4, and the infimum is taken over all 2 and
21 in X, \ A within a distance of hy of each other. Their ratio is then absorbed into
L.

The proof that the difference between every corresponding characteristic partial
derivatives of order k > 2 shares a single upper bound that is proportional to M ||z*!—

2%||%2=% proceeds by induction and follows the same form as the k = 2 case.
0

8. Numerical results. We tested the patchy algorithm on the following non-
linear test problem.

Find

7(z%) = min % /OO (sinQ(xl) + (xg — %x‘;’)Q + uz)dt
“ 0

subject to the dynamics

& = (xg - éx:{’) sec(z1)

Tog = (x%xg - %x?) sec(x1) +u
For any integer k, the optimal dynamics have a rest point at (x1,22) = (km, 5 (km)?),
and the optimal cost is zero, and the presence of sec(xz;) makes & blow up near
x1=—7/2 and x1 = w/2.

Under a change of coordinates, the test problem is the linear-quadratic regulator
problem

Find

subject to the dynamics

U1 = Yo

Y2 =1u
and the change of variables is

y1 = sin(zq)
1, (8.1)
Yo = T2 — 5331-

We chose this nonlinear test problem because we can calculate the exact solution
to the linear-quadratic regulator problem exactly by solving the associated algebraic
Riccati matrix equation [7, p. 252]. We can then calculate the exact solution to the
nonlinear test problem by applying the change of coordinates to the solution of the
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linear-quadratic regulator problem. Doing so gives us the solution to the nonlinear
optimal control problem

o) = 32 (anten) + (= 3o) 3o - )

The problem data functions f, g, ¢, and r and the solution 7 are all smooth on
{(z1,x2) | —m/2 < x1 < 7/2,—00 < xg < oo}. Furthermore, 7 is a strict Lyapunov
function on this set. If we denote the change of variables (8.1) y = T'(z), and if the

matrix m—(x) 1S 1mvertible at r en 7—-(xr)xr reauces to € I01lowW1n: uadratic 1orm
trix 2L () is invertible at z, then 5% ()i red to the following quadratic fi

in T(x)

i =T@" | 5] 1),

which is negative definite. Therefore, the computed solutions 7 obey the error bound
of Theorem [3.61

We computed the patchy solution on 73 patches including the Al’brekht patch.
The maximum consecutive patch point distance was h =~ .54. The degree of the
computed optimal cost and optimal control polynomials was four and three. To
compute the absolute error, we created a 100 x 100 grid of equally spaced points in
the square —1 < z1,z9 < 1, and then computed the difference between the exact
and computed optimal cost at each grid point that fell inside a patch. The maximum
absolute error at a grid point was approximately 5 x 1073, The theoretical absolute
error bound grows along a sequence of consecutive patch points as K (% +1)h% =~

K(L¥=L +1)(4.6 x 1072). The computed and exact solutions are displayed in Figure
The absolute error is displayed in Figure |8.2

To verify the validity of the analytical error bound, we computed the patchy
solution on five concentric level sets of the computed cost. We doubled the number
of patch points on each level set, starting with eight points on the boundary of the
Al’brekht patch. We then computed the absolute error of optimal cost at each patch
point and then found the sequence of patch points that terminates with the greatest
absolute error. The level sets of the optimal cost behave badly near the singularities
at 1 = £m/2, which limited the size of the computational domain for this test

problem. In this case, h ~ .5, so the absolute error bound grows as K (LLi__l1 +1)h5 ~

K(% +1)(3.1x1072). The absolute error and the sequence of patch points yielding
the worst case error are shown in Figure [8:3]
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Patchy Optimal Cost

(a) Patchy Optimal Cost

(b) Exact Optimal Cost

Fic. 8.1. Patchy and exact optimal costs
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Absolute Error

Fig. 8.2. Absolute Error w(x) — wi(z)
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Patch Points and Sequence of Greatest Error
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(a) Optimal cost absolute error at sequence of consecutive patch points.
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sequence index

(b) Patch points and patch point sequence of greatest error

Fia. 8.3. Optimal cost absolute error at sequences of patch points. h ~ .5
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9. Appendix.
9.1. Kronecker derivative notation. DEFINITION 9.1. Let s: R® — R1xm
s(x) = [s1(x) sa(x) -+ sm(z)],

The differential operator is 3% ® s(x) is shorthand for the 1 X mn row vector

o= [H0 Fw o g

The higher order operator a% R ® % 18 defined recursively in the natural way. In
the special case where s : R? — R, then % :R%2 = R™2, gnd

0 E] S
gl = [f2@ @)
0 0 _ To2s ?%s s &%s
or ® %[S(I)] = [Tﬁ(l‘) Oz, 0, (m) Oz, 0z, (3;‘) BTL’%(.I)}
0 0 0 [%(x) 8368%32;&62 (@) 8:66;833?2 () 83?61359”% ()
3g 3s %s ’s
5 © o P = ) mi@) shia shin @
azg (Z‘ :|

9.2. Partial derivative formulas for the optimal control and character-
istic partial derivatives of the optimal cost.

agaaﬂ;ag 0) =~ g [g;;g ’ aagf o aasg 0+0)
‘;;;£< (G0 + 50w 0)
e O e 0% i ae O0)
&(O) ; ;&mmﬁwof
Ok Ok
- %Zm)agi(m]
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