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CONVERGENCE RATES OF SYMPLECTIC PONTRYAGIN APPROXIMATIONS
IN OPTIMAL CONTROL THEORY *

MATTIAS SANDBERG! AND ANDERS SZEPESSY!

Abstract. Many inverse problems for differential equations can be formulated as optimal control
problems. It is well known that inverse problems often need to be regularized to obtain good ap-
proximations. This work presents a systematic method to regularize and to establish error estimates
for approximations to some control problems in high dimension, based on symplectic approximation
of the Hamiltonian system for the control problem. In particular the work derives error estimates
and constructs regularizations for numerical approximations to optimally controlled ordinary differ-
ential equations in R?, with non smooth control. Though optimal controls in general become non
smooth, viscosity solutions to the corresponding Hamilton-Jacobi-Bellman equation provide good the-
oretical foundation, but poor computational efficiency in high dimensions. The computational method
here uses the adjoint variable and works efficiently also for high dimensional problems with d > 1.
Controls can be discontinuous due to a lack of regularity in the Hamiltonian or due to colliding back-
ward paths, i.e. shocks. The error analysis, for both these cases, is based on consistency with the
Hamilton-Jacobi-Bellman equation, in the viscosity solution sense, and a discrete Pontryagin principle:
the bi-characteristic Hamiltonian ODE system is solved with a C? approximate Hamiltonian. The error
analysis leads to estimates useful also in high dimensions since the bounds depend on the Lipschitz
norms of the Hamiltonian and the gradient of the value function but not on d explicitly. Applications to
inverse implied volatility estimation, in mathematical finance, and to a topology optimization problem
are presented. An advantage with the Pontryagin based method is that the Newton method can be
applied to efficiently solve the discrete nonlinear Hamiltonian system, with a sparse Jacobian that can
be calculated explicitly.
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1. THE OPTIMAL CONTROL PROBLEM

Many inverse problems for differential equations can be formulated as optimal control problems. It is well
known that inverse problems often need to be regularized to obtain good approximations, cf. [13,29]. This work
presents a systematic method to regularize and to establish error estimates for approximations to some control
problems in high dimension, based on symplectic approximation of the Hamiltonian system for the control
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150 M. SANDBERG AND A. SZEPESSY

problem. We derive error estimates and construct regularizations for numerical approximations of the optimal
control problem to solve an ordinary differential equation

X'(s) = f(X(s),a(s)), 0<s<T
X(0) = X, (1.1)

with the state variable X : [0, 7] — R and the control a : [0,T] — B C R™, which is adjusted to minimize the
functional

o(X(D) + [ H(X(5).a(s)ds, (12)

for given data Xg € R, f: R x B - R% h:R? x B — R and ¢ : R — R. Our study focuses on non smooth
controls and approximation methods with error analysis useful also for high dimensional problems, d > 1, e.g.
discretizations of controlled partial differential equations. We assume « € A, where

A={a:[0,T] - B | BCR™, «a-) is measurable}

is the set of admissible controls and B is compact.
The alternative to solve the minimum of (1.2), with the constraint (1.1), is to define the value function,

X(t)=z, a€A

u(z,t) = inf <g(X(T)) —|—/t h(X(s),oz(s))ds) ) (1.3)

and use dynamic programming: the value function, u : R? x [0, 7] — R, is the bounded uniformly continuous
viscosity solution of the Hamilton—Jacobi-Bellman equation, cf. [14],

ug(z,t) + H(ug(z,t),2) =0, (z,t) € R x (0,7),
u(z,T) = g(z), xR, (1.4)

where u, denotes the gradient of u with respect to the spatial variable z € R%, u; = du/0t is the time derivative
and the Hamiltonian function H : R x R4 — R is defined by

H(\zx) = mig()\ f(@, @) + h(z,q)). (1.5)

[e1S

Assume temporarily that the Hamiltonian is differentiable. If u,(X(t),t) € C along an optimal path X (t),
differentiation of (1.4) shows that the pair A(t) = u, (X (t),t) and X (t) satisfies the bi-characteristic Hamiltonian
boundary value system (cf. [16])

X'(s) = Hx\(M\(s),X(s)), X(0)=Xo, 0<s<T,
—N(s) = Hy(A(s),X(s)), MT)=g.(X(T)), 0<s<T, (1.6)

where Hy and H, denote the gradients of H with respect to the A\-variable and z-variable, respectively. A
control éy()\(t), X (t)) determined by the Pontryagin principle

a € aragergin()\(t) - f(X(t),a) + h(X(t),a)) (1.7)
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satisfies for differentiable H, f and h

f(l',Oé()\,I')) = H,\()\,’JJ),
h( ( )) :H(A,Z)fAH)\(A,IL'),

T, (A x
A (:c, a(A, :c)) + hy (:L', a(A, :L')) = H,(\ ), (1.8)
see [6] and Remark 3.1, which justifies to denote (1.6) the Pontryagin method, cf. [24]. The work [4] verifies that
the Pontryagin principle holds for (1.6), based on (1.8), by using that the value function is a viscosity solution
of the Hamilton-Jacobi equation (1.4).

We consider numerical approximations with the time steps

n
tp=T. n=012.. N

The most basic approximation is based on the minimization

N—
i (X, an) At L.
JQE%V< I ) (1)

where At = t,411 — tn, Xy =Xo and X,, = X( n), for 1 <n < N, satisfy the forward Euler constraint

Xpt1 =X + At f( X, @) (1.10)

The existence of at least one minimum of (1.9) is clear since it is a minimization of a continuous function in the
compact set BY. We will focus on an alternative method based on the discrete Pontryagin principle

Xn+1 = Xn + AtH)\ (S\n+1; Xn)v XO = X07
j\n = j\n—i-l + AtHw(j\n+1;Xn)7 S\N = g;c(XN)- (1'11)

This method is called the symplectic Euler method for (1.6), ¢f. [19]. Section 4.4 presents a simple generalizations
to general higher order accurate symplectic approximations.

The theory of viscosity solutions for Hamilton-Jacobi-Bellman partial differential equations provides good
theoretical foundation also for non smooth controls. In particular this mathematical theory removes one of
Pontryagin’s two reasons!, but not the other, to favor the ODE approach (1.6) and (1.8): the mathematical
theory of viscosity solutlons handles elegantly the inherent non smoothness in control problems; analogous the-
oretical convergence results for an ODE approach was developed later based on the so called minmax solutions,
see [28]. Finite difference or finite element approximations of the nonlinear partial differential equation (1.4) has
convergence proofs with minimal assumptions using the viscosity solution theory, ¢f. [3,10,15,20,27] for second
order equations. On the other hand, such finite difference or finite element computations only work efficiently
in low dimension, since the problem of finding the control of the ordinary differential equation (1.1) in R has
been transformed to solving a partial differential equation in R¢ x [0, 7], while the Pontryagin approach based
on the solution of the two ordinary differential equations (1.15) with (1.8), for X and the adjoint variable X, is
computationally feasible even in very high dimension, d > 1, with application to distributed control of partial
differential equations cf. [17,18], optimal shape [21] and inverse problems [13,29], see Section 2. This work uses

LCitation from chapter one in [24] “This equation of Bellman’s yields an approach to the solution of the optimal control problem
which is closely connected with, but different from, the approach described in this book (see Chap. 9). It is worth mentioning
that the assumption regarding the continuous differentiability of the functional (9.8) [(1.3) in this paper] is not fulfilled in even the
simplest cases, so that Bellman’s arguments yield a good heuristic method rather than a mathematical solution of the problem.
The maximum principle, apart from its sound mathematical basis, also has the advantage that it leads to a system of ordinary
differential equations, whereas Bellman’s approach requires the solution of a partial differential equation.”
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the theory of viscosity solutions to Hamilton-Jacobi equations to construct regularized flux and cost functions
and to prove convergence for the Pontryagin method for non smooth controls.

Our analysis is a kind of backward error analysis. The standard backward error analysis for Hamiltonian
systems (1.6) uses an analytic Hamiltonian and shows that symplectic one step schemes generate approximate
paths that solve a modified Hamiltonian system, with the perturbed Hamiltonian given by a series expansion
¢f. [19]. Our backward error analysis is different and more related to the standard finite element analysis. We
first extend the approximate Euler solution to a continuous piecewise linear function in time and define a discrete
value function, @ : R x [0, T] — R. This value function satisfies a perturbed Hamilton-Jacobi partial differential
equation, with a small residual error. A special case of our analysis shows that if the optimal & in (1.7) is a
differentiable function of z and A and if the optimal backward paths, X(s) for s < 7', do not collide, more
about this later, the discrete value functions, @, for the Pontryagin method (1.11) satisfies a Hamilton-Jacobi
equation:

s+ H (g, ) = O(At), as At — 0+, (1.12)
where
N-1
W, ty) = m]gnN <g(XN)+ h()_(n,an)At> (1.13)
ae
n=m

for solutions X to with X(t,,) = X,, = #. The minimum in (1.13)is taken over the solutions to the discrete
Pontryagin principle (1.6). The maximum principle for solutions of Hamilton—Jacobi equations and a comparison
between the two equations (1.4) and (1.12) show that

lu— alle = O(A). (1.14)

However, in general the optimal controls @ and « in (1.10) and (1.1) are discontinuous functions of x, and A or
ug, respectively, and the backward paths do collide. There are two different reasons for discontinuous controls:

e The Hamiltonian is in general only Lipschitz continuous, even if f and h are smooth.
e The optimal backward paths may collide.

The standard error analysis for ordinary differential equations is directly applicable to control problems when the
time derivative of the control function is integrable. But general control problems with discontinuous controls
require alternative analysis. The first step in our error analysis is to construct regularizations of the functions
f and h, based on (1.8) applied to a C?(R? x R?) approximate Hamiltonian H® which is A-concave and satisfies

|H? = Hlle = O(6), as 6 — 0",
and to introduce the regularized paths

Xns1 = Xn + AtH{ (Ans1, Xn),  Xo = Xo,
A = Mgt + AHS (Mgt Xn)y Av = g2(Xn). (1.15)

We will sometimes use the notation f = Hj\s and h® = H? — )\Hj\s.

The next step is to estimate the residual of the discrete value function in the Hamilton-Jacobi-Bellman
equation (1.4). The maximum principle for viscosity solutions and the residual estimate imply then an estimate
for the error in the value function. An approximation of the form (1.15) may be viewed as a general symplectic
one step method for the Hamiltonian system (1.6), see Section 4.4.

There is a second reason to use Hamiltonians with smooth flux: in practice the nonlinear boundary value
problem (1.15) has to be solved by iterations. If the flux is not continuous it seems difficult to construct a
convergent iterative method, in any case iterations perform better with smoother solutions. An advantage
with the Pontryagin based method is that the Newton method can be applied to efficiently solve the discrete
nonlinear Hamiltonian system with a sparse Jacobian that often can be calculated explicitly.
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If the optimal discrete backward paths X (¢) in (1.15) collide on a codimension one surface I in R? x [0, T7,
the dual variable A = 4, may have a discontinuity at I', as a function of . Theorems 4.1 and 4.5 prove, for @
based on the Pontryagin method, that in the viscosity solution sense

ut+H(um,.):0<At+6+ (A;)2>, (1.16)

where the discrete value function, @, in (1.13) has been modified to

N-1
W@, t) = Xmig(g(XN) +y hé()‘(n,xnﬂ)m). (1.17)

The regularizations make the right hand side in (1.16) a Lipschitz continuous function of (A(t), X (¢),t), bounded

by C(At+ 6+ %) where C' depends only on the Lipschitz constants of f, h and A. Therefore the maximum
principle can be used to prove ||u — @|lc = O(At), for 6 = At. Without the regularization, the corresponding
error term to in (1.16) is not well defined, even if 4, is smooth. A similar proof applies to the minimization
method for smooth Hamiltonians, see [25]. It is important to note that for non smooth control the solution
paths X may not converge although the value function converges as At and J tend to zero. Therefore our
backward error analysis uses consistency with the Hamilton-Jacobi partial differential equation and not with
the Hamiltonian system. Convergence if the approximate path (X, \) typically requires Lipschitz continuous
flux (Hy, H,), which we do not assume in this work.

Outline. Section 2 presents some simple examples how discontinuous control arise and applications to implied
volatility estimation and topology optimization. The error analysis in this work assumes that the Pontryagin
minimization (1.15) has been solved exactly. Section 3 recall standard iterative methods to solve these problems
approximately. Section 4 states and proves the error estimates with a non smooth Hamiltonian and colliding
paths, for the Pontryagin method. Section 4.4 considers general symplectic one step methods. The remaining
sections consider colliding shocks, a maximum principle for Hamilton-Jacobi equations and how to obtain the
controls.

2. OPTIMIZATION EXAMPLES

We give some examples when the Hamiltonian, H, is not a differentiable function, and difficulties associated
with this.

la: Let B = {-1,1}, f = @, h = 2?/2 and g = 0. Here the continuous minimization problem (1.3)
has no minimizer among the measurable functions. A solution in discrete time using a nonregularized
Pontryagin method or discrete dynamic programming will behave as in Figure 2.1. First the solution
approaches the time axis, and then it oscillates back and forth. As At becomes smaller these oscillations
do so as well. The infimum for the continuous problem corresponds to a solution X (¢) that approaches
the time-axis, and then remains on it. However, this corresponds to a = 0, which is not in B, and hence
the infimum is not attained. A cure to always have an attained minimizing path for the continuous
problem is to use controls which are Young measures, see [22,30]. We note that the Hamiltonian,
H(\, z) = —|\| + 22/2, in this example is not differentiable.

1b: Let B = [-1,1], f = a, h = 2%/2 and g = 0, which is similar to the previous example but now the set
of admissible controls, B, has been changed slightly. Since 0 € B, the infimum in (1.3) is now obtained.
However, the Hamiltonian remains unchanged compared to the previous example, and a solution to the
discrete Pontryagin principle would still be oscillating as in Figure 2.1.

lc: Let B=[-1,1], f = a, h =0 and g = 2. The Hamiltonian is nondifferentiable: H = —|\|. If T' =1
there are infinitely many solutions to the continuous minimization, the discrete minimization and the
unregularized discrete Pontryagin principle, when Xy € (—1,1), as depicted in Figure 2.2.
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X

FIGURE 2.1. Example (1a) where the continuous problem has no minimizer among the mea-
surable functions.

T=1

X

FIGURE 2.2. Example (1c¢) with g(z) = 22 gives infinitely many minimizing paths through the
same starting point.

The problems occurring in the previous examples are all cured by regularizing the Hamiltonian and using the
scheme (1.15). That is, the solution to (1.15) in the first two examples is a smooth curve that obtains a
increasingly sharp kink near the time-axis as the regularizing parameter, §, decreases, see Figure 2.3. In the
last of the previous examples we, in contrast to the other methods, obtain a unique solution to (1.15).

Another problem that has not to do with nondifferentiability of the Hamiltonian is shown in the following
example:

2: Let B=[-1,1], f =, h=0and g = —|z|. Although H is discontinuous here, this is not what causes
problem. The problem is that optimal paths collide backwards, see Figure 2.4. When Xy = 0 there are
two solutions, one going to the left, and one to the right. The left solution has A = 1 and the right
solution has A = —1, so on the time-axis A is discontinuous. For these values of A\, the Hamiltonian is
differentiable, therefore the nonsmoothness of the Hamiltonian is not the issue here. It is rather the
global properties of the problem that play a role. This problem is difficult to regularize, and it will not
be done here. However, we still can show convergence of the scheme (1.15). This is done in Section 4.3.

When using (1.15) to solve the minimization problem (1.3) it is assumed that the Hamiltonian is exactly
known. Is this an unrealistic assumption in practice? In the following two examples we indicate that there exist
interesting examples where we know the Hamiltonian. The first has to do with volatility estimation in finance,
and the latter with optimization of an electric contact.
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FIGURE 2.3. Solution of the discrete optimization problem (1.15) in Example (1a) and (1Db)
for § = At = 1/N and H{(\,z) = —tanh(\/d), using the Newton method with five iterations.

X

FIGURE 2.4. Solution of the optimization problem in Example (2), where g(z) = —|z|, f = a,
h =0 and B = [-1,1], for four different starting points.

2.1. Implied volatility

Black-Scholes equation for pricing general options uses the volatility of the underlying asset. This parameter,
however, is difficult to estimate. One way of estimation is to use measured market values of options on the
considered asset for standard European contracts. This way of implicitly determining the volatility is called
implied volatility.

We assume that the financial asset obeys the following Ito stochastic differential equation,

dS(t) = pS(t)dt + o (t, S(t))SE)dW (), (2.1)

where S(t) is the price of the asset at time ¢, u is a drift term, o is the volatility and W : Ry — R is the Wiener
process. If the volatility is a sufficiently regular function of S, ¢, the strike level K and the maturity date T,

the so called Dupire equation holds for the option price C(T, K) as a function of T" and K, with the present
time ¢ = 0 and stock price S(0) = S fixed,

Cr—6Ckgg =0, TG(0,00),K>0,
C(0,K) = max{S — K,0} K >0, (2.2)
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where

o3 (T,K)K?

—

Here the contract is an European call option with payoff function max{S(T) — K,0}. We have for simplicity

assumed the bank rate to be zero. The derivation of Dupire’s equation (2.2) is given in [12] and [1].
The optimization problem now consists of finding o (T, K') such that

5(T,K) =

/T/ (C = )T, K)w(T, K)dKdT (2.3)

is minimized, where C are the measured market values on option prices for different strike prices and strike
times and w is a non negative weight function. In practice, C is not known everywhere, but for the sake of
simplicity, we assume it is and set w = 1, i.e. there exists a future time T such that C is defined in Ry x [0, T] If
the geometric Brownian motion would be a perfect model for the evolution of the price of the asset, the function
o(T, K) would be constant, but as this is not the case, the o that minimizes (2.3) (if a minimizer exists) varies
with T and K.

It is possible to use (1.6) and (1.15) to perform the minimization of (2.3) over the solutions to a finite
difference discretization of (2.2)

7
min [ AKY (C—C)2dT
in [ >e-0)

subject to a%;T) =dD*Ci(T),
C;(0) = max(S —iAK, 0), (2.4)

where we now let C;(T') ~ C(T,iAK) denote the discretized prize function, for strike time 7" and strike price
iAK, and D? is the standard three point difference approximation of the second order partial derivative in K. In
order to have a finite dimensional problem we restrict to a compact interval (0, MAK) in K with the boundary
conditions

Co=S5, Cu=0.

The Hamiltonian for this problem is

M-1

H(\,C) = AKmin >~ (Aai(D*C)i + (C = C)2)

7 =1
—1 .

— AK (min A& (D2C); + (C — C)?)

- [eF
i=1

where A is the adjoint associated to the constraint (2.4). We have used that the components of the flux, f, in this
problem is ;(D?C);, that the running cost, h, is AK Y, (C—C)?, and further that each &; minimizes \;5;(D?*C);

separately, so that the minimum can be moved inside the sum. If we make the simplifying assumption that
0 <o_ <7 <oy < oo we may introduce a function s : R — R as

o {ya, y>0
s(y) =miny s =
G yoi, y<0.
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Using s, it is possible to write the Hamiltonian as

M-1
H(\LC) = AK > (s(M(D*0),) + (€ - ©)7).

Since s is nondifferentiable, so is H. However, s may easily be regularized, and it is possible to obtain the regu-
larization in closed form, e.g. as in Example 1. Using a regularized version ss of s, the regularized Hamiltonian
becomes

H(\,C) = AK 2 (ss(n(D%C)) + (C = €)7),

which using Gateaux derivatives gives the Hamiltonian system

ai;f) = s5(\(D?C);) D*Cy(T), Co=8 Cu =0,
D = D2 (s u(%0))A) + 20 - O,

A=Ay =0, (2.5)

with data
Ci(0) = max(S —iAK,0), A1) =0.
The corresponding Hamilton-Jacobi equation for the value function

7 M-1

u(C, 1) :/ > (C - C)}AKAT

i=1
is
up + H(ue,C) =0, T<T,
U(Ta ) =0,

where uc is the Gateaux derivative with respect to C' in the scalar product (z,y) = AK ), x;,y;. With this
scalar product the Hamiltonian system (2.5) takes the form

(Cr,v) = (HS,v), YveRM!
(Ar,v) = —(HS,v), YoeRM™!

where H;\S and H, g are the Gateaux derivatives.

A choice of the regularization parameter ¢, depending also on data error, can be obtained e.g. by the
discrepancy principle, cf. [13,29]. The Newton method described in Section 3 works well to solve the discrete
equations for d = 10. Higher dimensions may require other regularization. The results of one trial volatility
estimation is given in Figure 2.5.

2.2. Topology optimization of electric conduction

The problem is to place a given amount of conducting material in a given domain  C R? in order to minimize
the power loss for a given surface current ¢, satisfying |, 90 9ds = 0: let n € R be a given constant, associated
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o = 10
=

FIGURE 2.5. Results of a computer experiment where the volatility ¢ in the picture to the
left is used to obtain the “measured” C'. Uniform noise of amplitude 1074 is also added to C.
The error ||C — €| is plotted versus ¢ in the picture to the right. In the middle picture the
approximate volatility, s is shown for the value of § (= 3 x 107%) that minimizes ||s§ — o|| 2.
In this experiment, M =9 and N = 100.

to the given amount of material, and find an optimal conduction distribution o : @ — {o_, 04}, where o4 > 0,
such that

¢
di = Q =
1V(0V<p(:c)) 0, z €, el

min (/ qeds + 77/ de) ) (2.6)
7 o0 Q

where 0/0n denotes the normal derivative and ds is the surface measure on 9. Note that (2.6) implies that
the power loss satisfies

/ qpds = —/div(anp)gpdx—l—/ U%wds
o0 Q o On

= / oV - Vedz.
Q

The Lagrangian takes the form

/ q(QDJr)\)dS%»/J(T]ngD'V)\)d:L‘
o9 Q0

and the Hamiltonian becomes

H(\ ) = min/ ovdx + / g(¢+A)ds = [ minovdz + / q(p + A)ds
Q o0 19)

g O o
——
s(v)

with the regularization
B 0v9) = [ sstn=Vio- Vo + [ ate+ N,
Q a0

depending on the concave regularization ss € C2(R) as in Section 2.1. The value function

u(%T)/TT </69q<pds+n/90dx>dt
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for the parabolic variant of (2.6), i.e.
o = div(ano(ac)),

yields the infinite dimensional Hamilton-Jacobi equation
Owu+ H(Opu, ) =0 t<T, u(-,T)=0,

using the Gateaux derivative d,u = A of the functional u(y, ) in L?(£2). The regularized Hamiltonian generates
the following parabolic Hamiltonian system for ¢ and A

/ (Orpw + 5'(n — Vo - VAV - Vw)dz = / quds
Q a0

/ (=0 v+ 5'(n—Ve-VAVA-Vo)ds = / quds
Q o9

for all test functions v,w € V = {v € HY(Q) ‘ Jovdz = 0}. Time independent solutions satisfy A = ¢ by
symmetry. Therefore the electric potential satisfies the nonlinear elliptic partial differential equation

. 0
div(s5(n = [V?) V(@) =0 2 € Q. 855 Jon =4, (2.7)

which can be formulated as the convex minimization problem: ¢ € V is the unique minimizer (up to a con-

stant) of
- < [ o0 = [9ta)e+2 | Qqsods)- (2:8)

In [8] we study convergence of

T—o0 T

)

where @ is the value function associated to finite element approximations of the minimization (2.8).

The Newton method in Section 3 works well to solve the finite element version of (2.7) by successively de-
creasing 4, also for large d, see [8], where also the corresponding inverse problem to use measured approximations
of ¢ to determine the domain where o = o_ and ¢ = o is studied. A numerical solution to (2.7) can be seen
in Figure 2.6.

In this paper we use the standard Euclidean norm in R¢ to measure X and A. Optimal control of partial
differential equations with X and A belonging to infinite dimensional function spaces requires a choice of an
appropriate norm. In [26] the analysis here is extended to optimal control of some parabolic partial differential
equations, by replacing the Euclidean R? norm with the H} Sobolev norm, using also that the theory of viscosity
solutions remains valid with this replacement.

3. SOLUTION OF THE DISCRETE PROBLEM

We assume in the theorems that the Pontryagin minimization (1.15) has been solved exactly. In practice (1.15)
can only be solved approximately by iterations. The simplest iteration method to solve the boundary value
problem (1.15) is the shooting method: start with an initial guess of A[0] and compute, for all time steps n, the
iterates

Xn—i—l:Xn+AtH§(5\n+1[l]7Xn)7 ’IZZO,...,N—L XQZXO
Mnli + 1] = M1 [i] + AtHL (M1 [i], X)), n=N—1,...,0, Ay = g(Xn). (3.1)
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FIGURE 2.6. Contour plot of s§ as an approximation of the conductivity o. As seen, € is in
this example a square with two circles cut out. Electrical current enters ) at two positions on
the top of the square and leaves at one position on the bottom. The contours represent the
levels 0.2, 0.4, 0.6 and 0.8. A piecewise linear FEM was used with 31440 elements, maximum
element diameter 0.01, c_ = 0.001, 0, =1, n =0.15 and § = 1075,

An alternative method, better suited for many boundary value problems, is to use Newton iterations for the
nonlinear system F(X,\) = 0 where F : RVd x RN — R2Vd apd

F(X, Nantr = A — Anst — ALHS (A1, X,). (32)

An advantage with the Pontryagin based method (3.2) is that the Jacobian of F' can be calculated explicitly
and it is sparse. The Newton method can be used to solve the volatility and topology optimization examples
in Section 2, where the parameter ¢ is successively decreasing as the nonlinear equation (3.2) is solved more
accurately.

Let us use dynamic programming to show that the system (1.15) has a solution in the case that \ is a
Lipschitz continuous function of (z,t), with Lipschitz norm independent of At, and 6 > C'At. One step

z =y + AtH} (\(z),y) (3.3)
for fixed y € R? has a solution z(y) since the iterations
z[i +1] =y + AtH} (AM[i]),y)

yield a contraction for the error e[i] = z[i + m] — x[i]

eli+1] = At(H{ (A(wli +m]),y) — HY(Mali]), y) ) = ALHTAseli]
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Conversely, for all z € R% equation (3.3) has a solution y(z) for each step since the iterations
yli+ 1] = z — AtH} (A=), y[i])

generate a contraction f01£ the error. The dynamic programming principle then shows that there are unique
paths through all points X,,11 leading to all X,, for all n.

Remark 3.1 (Proof of (1.8) following [6,16]). A control & such that
A f(z, &) 4+ h(z, &) = H\ x)
satisfies for all small perturbations w,v € R¢

HA+w,z+v)— H(\x)
< (>\+W)~f(x+’l),(i)+h(x+’l),(i)f ()‘f(:caéé)+h(xa6‘))
= f(x, &) -w—l—z ()\ (2, &) —l—hxq,(x,d))vi + o(|v| + |w|),

which implies (1.8).

4. CONVERGENCE OF EULER PONTRYAGIN APPROXIMATIONS

Theorem 4.1. Assume that the Hamiltonian H, defined in (1.5), is Lipschitz continuous on R‘i x R4 and
that (1.15) has a solution (X, \), where Ap+1 has uniformly bounded first variation with respect to X, for all n
and all At, i.e. there is a constant K such that

|6X'n>‘n+1| < K. (4.1)

Then the optimal solution, (X, ), of the Pontryagin method (1.15) satisfies the error estimate

inf <g (X(T))—i—/o h(X(s),a(s))ds) - (g()_(N)—i—At 3 hé(Xn,AnH))‘

acA
2
(a0

= 0O (At), ford= At (4.2)

n=0

The bound O(At) in (4.2) depends on the dimension d through the Lipschitz norms of the Hamiltonian H and
the constant K in (4.1).

Section 4.3 presents a convergence result for the case when backward paths X (t) collide on a C! codimension
one surface in R% x [0,T]. The next subsections give a construction of a regularization H° and the proof of
Theorem 4.1.

4.1. Construction of a regularization

A possible regularization of H is to let H® be a standard convolution mollification of H

H°(\z) = / H(z,y)w’(z — Mw®(y — x)dzdy,
Rd JRd
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with w® : R? — R, a C? function compactly supported in the ball {y € R? : |y| < §} and with integral one
f]Rd wi(y)dy = 1. This regularization remains concave in X. Our analysis is not dependent of this specific
regularization, but uses that

|1H — H||c + || H|lor + 0% H' |2 = O(8),

and that H® remains a concave function of \.

4.2. Convergence without shocks and colliding paths

The proof of the theorem is based on four lemmas. In all of those we suppose that the assumptions of
Theorem 4.1 are valid.

Lemma 4.2. The discrete dual function is the gradient of the value function, i.e.

T (Xns Bn) = An. (4.3)

Proof. The relation (4.3) holds for ¢,, = T'. Use the induction assumption that (4.3) holds true for
tn =T, tN_1,...,tns1. Then the definitions of f0 and h® imply

ou , - - - _
aT(Xn; tn) = aXn (a(Xn+1; tn—i—l) + Athé()\n+17 Xn))
- O
= 6}2an+1 OX ° (Xn+1,tn+1) + At(i‘)j(nh ()\n-i-l; Xn)

= (I + Atdg, HYAns1, Xn)) Ang1 + Atdxg h° (A1, Xn)
= A1 + Atdg, (HIN+h°)(Ans1, Xn)

— AtH(Ans1, X0)0x, A1

M1+ AtHS (Ni1, X,)

I
>~
O

n-

Section 4.4 shows that (4.3) holds precisely for symplectic methods. B
We now extend @ to be a function defined for all ¢. First extend the solution X to all time as a continuous
piecewise linear function

. thi1 —t o t—tn <
X(t) = "+A1t X, + At” Xpy1, fort, <t <tnii, (4.4)

so that
X'(t) = HY(Any1, Xn). (4.5)

The following lemma shows that two different solutions can not collide for suitable small At.

Lemma 4.3. There is a positive constant ¢ such that if At < ¢§ two different solutions (X', ') and (X2, \?)
of (1.15) do not intersect.

Proof. Assume there exist two optimal paths (X!, A!) and (X2, A\?) that intersect at time t, where £,, < t < ,,,1,
then
X} 4+ (t— fn)Hj\s(j\}LH, XN =X2+(t— fn)Hg(XiH,)_(i)
which can be written
= Xn = (t—tn) (HXAy1, X2) = Hi (A1), X3)) - (4.6)
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To obtain an estimate of the size of the right hand side in (4.6) integrate along the line

with A% a function of X{. The difference in the right hand side of (4.6) is

d(3)2 v 2 d/y1 v 1 ! ng
H/\()‘n+17Xn)7H)\(>‘n+1aXn) = 0 de

1
= [+ 0, s (2 - X,

By assumption it holds that ||[H3, + H3,0%, Ant1llc = O((Ca(1+ K)/d). Hence the norm of the right hand side
n (4.6) is O(6~'At)|| X} — X?2||. Therefore there is a positive constant ¢ such that if At < ¢d, the equation (4.6)
has only the solution X! = X2 O

ne

Since the optimal paths X do not collide, for suitable small At, the value function @ is uniquely defined along
the optimal paths, by (1.17) and

(X (t),t) = @(Xns1,tnp1) + (tns1 — OR(Xny Ang1)y o <t <tny1 (4.7)

and we are ready for the main lemma.

Lemma 4.4. The value function for the Pontryagin method satisfies a Hamilton-Jacobi equation close to (1.4),
more precisely there holds

5
=g onR%L (4.8)

A 2
ut+H(%.):o<5+At+( t)) in RY x (0,T),

The error term O(§ + At + %) in (4.8) is a Lipschitz continuous function of U, (x,t), x and t satisfying

At)? AL)?
‘0<5+At+(7t))‘§0@ <5+CzAt+C’mCA(1+K)( ;) >

where C, and C) are the Lipschitz constants of H in the © and X variable, respectively, and C ~ 1 does not
depend on the data.

Proof. The proof starts with the observation

0= Sa(x(0),1) + (s, )
= 0 (X(0), 1) + 0o (X(0).0) - (s, Ka) + 1 (R, X,). “9)

The idea is now to use that the dual function X is the gradient of @ at the time levels ¢,, by Lemma 4.2, (and
a good approximation at times in between) and that the modified discrete Pontryagin method shows that the
right hand side in (4.9) is consistent with the correct Hamiltonian H.

We will first derive an estimate of |u, (X (t),t) — Apt1]| for t,, <t < t,4+1. We have that

ﬂ(X(t),t) = ﬂ(XnJrlat_nJrl) + ({nJrl - t)hé(S‘nJrla Xn)
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Therefore i, (X (t),t) can be written as

_ 0X, (90X, _ - -
Uiy (X (1), 1) = 3%, ( aX“ax(XnH,thH(th—t)axnh‘s (An+1,Xn))
0%, (0Xni1 - A
=4 La tns1 — )0x. b Mng1, Xn) | -

X, ( X, +1+ (tagr — )0, 1 (A ))

Introduce the notation

A= aX,LH;\S(;‘nJrla Xn) - Hf\sx(j‘nJrla Xn) + Hf\sA(S‘nJrla Xn)a X, Ant1

=0(C\(1+ K)/9). (4.10)
We have
85;:1 =T+ AA =T+ (t —t)A+ (tnyr —t)A
(1 +-tA) ™

therefore as in Lemma 4.2

U (X (£),8) = A1 + (bngr — V(I + (8 — t,)A) " (AXngr + 0x, b Pntr, X))

= Mtt + (b1 — ) (I + (t = 1) A) T HE (A1, X0)
= Ans1 + O(Co AL + C,CA (K + 1)(At)?/6). (4.11)

Introduce the notation A = @, (X (t),t) and split the Hamiltonian term in (4.9) into three error parts:

7“(5\, X(t)v t) = S‘fé (5‘n+1a Xn)

= A (Ant1, Xn) )
+ H(\, Xy) — HO (N, X (1))
+H(NX(t) — H(\X(t))
=1+ 11+1II. (4.12)

Taylor expansion of H? to second order and (4.11) show

|I| - |H6(5‘n+1a Xn) + (5‘ - 5‘n+1)Hf\s(5‘n+laXn) - H‘S(S\,Xnﬂ
< min (2CA A = A1 | (A = X)) HA (€ X)X = An1)1/2)
< CCx(CoAt + C,CA (K + 1)(At)?/5);
the Lipschitz continuity of H? implies
[T1] < [H2|[X (1) — X| < |Hp|[HS|A:

and the approximation H? satisfies
[11I] < CCy9.

The combination of these three estimates proves (4.8).
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To finish the proof of the lemma we show that the error function r can be extended to a Lipschitz function in
RIxR?x [0, T]. We note that by (4.1), (4.4) and (4.11) X is a Lipschitz function of X; and ¢, and r(\(X, t), X¢,t)
is Lipschitz in X; and t. By

r(\ X, 1) = r(MX, 1), X, 1)

we obtain a Lipschitz function 7 in R? x R? x [0, 7. O

The results in these lemmas finishes the proof of Theorem 4.1: the combination of the residual estimates in
Lemma 4.4 and the C-stability estimate of viscosity solutions in Lemma 6.1 proves the theorem.

4.3. Convergence with shocks and colliding paths

This section uses that the assumptions in Theorem 4.1 hold with the exception that the set of backward

optimal paths {(X(¢),t) : t < T}, solving (1.15) and (4.4) , may collide into a codimension one surface I" in
space-time R x [0, T]. In this section we assume that

N—-1
(@) = min (g(X'N) +3 hﬁ(Xn,XnH)At) (4.13)

is attained by precisely one path for (z,t,) € R? x [0,7]\ T and that the minimum is attained by precisely
two paths at (z,t,) € I'; in Section 5 we consider the minimum attained by several paths. Colliding backward
paths (or characteristics) X in general lead to a discontinuity in the gradient of the value function, A = u,,
on the surface of collision, which means that the surface is a shock wave for the multidimensional system of
conservation laws

O\ (,t) + dd H(Az,t),z) =0 (z,t) eR*x[0,T], i=1,....d.

Ly

The properties concave Hamiltonian H (-, z); uniformly differentiable f with respect to a; Lipschitz continuous
and semiconcave g; imply that the value function, u, is Lipschitz continuous and semiconcave, cf. [2,5,6], so that
u is twice differentiable almost everywhere and the derivative has bounded variation. When the Hamiltonian
H(-,x) is strictly concave the second derivative of u becomes a measure with no Cantor part, see [7].

Theorem 4.5. Suppose that the assumptions in Theorem 4.1 hold with the exception that there is a codimension
one Lipschitz surface T' in R¢ x [0, T], where A\ may be discontinuous, and the minimum in (4.13) is attained
by precisely two paths, X+ and X, for (x,t) € T' and one path for (z,t) € R x [0,T]\T'. Assume also that

0%, A

. n+1H{XneRd\Fn} <K, forallmn,

and

dx+ >0 X~ <0
a T T e
where n is the normal to T' at (x,t). Then the error estimate of Theorem 4.1 remains true, provided 6 > C At

for a certain positive constant C'.

Let us first explain some assumptions for a construction of the surface I". Assume that at time ¢, there is a
codimension one surface I',, in R?, where )\, may be discontinuous and the minimum in (4.13) is attained by
precisely two paths for € T, and one path for x € R%\ T',,. The paths (4.4) starting on either side of T',, with
@ defined by (1.17) and (4.7) define @ outside a cone in R? x [t,,t,11], see Figure 4.1. In the union of these
cones in R? x [0, T], we assume that a codimension one surface I, intersecting I',, for all n, can be constructed
as follows. A point (x,t), where ¢, < t < tp41, lies on I' if there are two solutions starting in (z,t) to (1.15)
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X

FIGURE 4.1. The cone in which backward paths collide at the surface T.

where the first time step is ¢,4+1 — ¢, and the corresponding values of @ are equal. With this artificial time node

at I', the backward paths are stopped at (z,t) = (X(t),t) € " and defined for ¢, <t < s < t,+1 by

X(s)=z+(s— t)Hg(j‘n-Hvx)v

with the value function

N-1
u(X(s),5) = g(Xn) + h5()_((t), Ant1) (a1 — 8) + Z h(s(Xma Amt1)At.

m=n-+1

Since by assumption there are no collisions outside T' the value function @(z,t) is well defined everywhere as
before. Denote the jump, for fixed ¢, of a function w at T’ by [w]. To have two colliding paths at a point on
I' requires that A has a jump [\] # 0 there, since [\] = 0 yields only one path. The implicit function theorem
shows that for fixed ¢ any compact subset of the set I'(t) = I'n (R? x {t}) is a C! surface: the surface I'(t)
is defined by the value functions, @' and @? for the two paths colliding on I', being equal on I' and there are
directions 7 € R? so that the Jacobian determinant 7 - V(u! — 42) = 71 - [A] # 0. Therefore compact subsets of

the surface I'(¢) has a well defined unit normal n. We assume that I'(¢) has a normal everywhere.

Proof. The proof, to show that the estimate (4.8) in Lemma 4.4 holds in viscosity solution sense, is divided into
the two steps: establishing that the subdifferential of # is empty on I'; and verifying that the superdifferential
of @ is a subsolution to the Hamilton-Jacobi equation (4.8). We state the definition of the unique viscosity
solution, based on sub and superdifferentials, in Definition 4.6 below.

The first step is to verify the claim [A] - n < 0, which implies that the subdifferential of @ is empty. By
assumption
Hg(j\jz_—i-hx)'nzoa H;\S(;\;_H,I)ngO,
which yields

H;\S/\(S‘j;-i-l - )‘7:4-1) ‘n>0 (4.14)
where HY, = fol H?, (A(s),z)ds and A(s) = s\t 1+ (1= 5)A, ;. The equation (1.15) implies

N = (I + (tnsr — H) Nt — M)
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and consequently
-1

A=A = I+ (tngyr —)HS) AL (4.15)
We know that @ is continuous also around I', therefore the jump of the gradient, [@], has to be parallel to the
normal, n, of the surface I'. Lemma 4.2 shows that [u,] = [A\] and we conclude that this jump [}] is parallel to

n so that [A] = [A- n]n, which combined with (4.14) and (4.15) shows that

0< A nlHL, (I + (buyr — H,) 'non.

The facts that the matrix H{, is symmetric negative semi definite and that the matrix (I + (tn41 — t)H? )\)71
is positive definite for § > C' At imply that

H{\ (1 + (tnsr — t)Hi)\)_ln n <0, (4.16)

which proves the claim [A]-n <0, if we can exclude equality in (4.16). Equality in (4.16) means that H{,n =0
and implies H{(A*(t),x) = HJ(A~(t),r) which is not compatible with two outgoing backward paths. Hence
equality in (4.16) is ruled out.

From the first step we know that the subdifferential of u is empty, if @ is not differentiable. In order to show
that the error estimate from Theorem 4.1 holds it is sufficient to prove that @ is a viscosity solution to

us + H(umx) - Q(uzaxat) =0,

where ¢ is a Lipschitz function such that g(\(x,t),z,t) = r(\(x,t), 2, t) for all (x,t), and sup |q| = sup |r|, where
r is the remainder function O(6 + At + At?/§) derived in (4.8). Let D*u denote the superdifferential of u at T
We know that @ is a classical solution in R? x [0, 7]\ T'. To prove that @ is a viscosity solution means therefore
to verify that

for all (py,pt) € DMz, t) and all (x,t) € I'. We know that DT is the convex set {sp™ 4+ (1 —s)p™~ : s € [0,1]},
where p* denotes the two right and left limits of the differential of @ at I' satisfying

pfoyu+ H(pt,z) —r(pt,z,t) = 0.
Denote by A* the boundary values of A at I'. Let q(\, z,t) satisfy
@, 0),2,8) = r(A(w, 1), 2,1),  for (z,) € RY x [0,T]\ T

and for (z,t) € T,
g\ x,t) = srAT xt) + (1 — s)r(A ", z,t), if0<s<1,
where B B B
(A=A)-(F =A)
AT —A]?
With this choice g becomes a linear function of the variable A, for fixed z,¢, and since the Hamiltonian H (-, z)
is a concave function it is clear that equation (4.17) holds.

We now give the construction of ¢, which by no means is unique. For (z,t) € R%x [0, T| with dist((:ﬂ, t), F) >1
we let g(\, z,t) = r()\(:n,t),:c,t), for all \. What is left are two Lipschitz domains with given values on the
boundaries. We may for instance let ¢ be the harmonic function in these domains with the given boundary
values, see Figure 4.2. The function ¢ will be a Lipschitz function since for (x,t) € T, |[r(A\*, z,t) —r(A ", z,t)| =
O(A* — XA7|). The domain is made compact by the dashed lines, but as these can be put arbitrarily far away
it is clear that g can be extended to infinity without becoming greater than sup||r||. O
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it

1T

FiGURE 4.2. Construction of the function q. The shock surface is assumed to be located at
x = 0. In the regions I and IV, ¢ has the same value for all A. In regions II and III, ¢ is the
solution to the Dirichlet problem with given values on A(z,t), the A axis between AT and A\~

the surfaces {(z,t) : dist((z,t),I') = 1} and the dashed lines where X is given by a linear
interpolation.

Definition 4.6. The subdifferential of v : R? x [0, T] — R is the set

D7 u(y) = {p € R [ liminf vy +2) *| ”U|(y) Pz 0}
zZ— z

and, similarly, the superdifferential of v : R? x [0, T] — R is the set

D*o(y) = {P e R™! | limsup vy +2) _|ZU|(?/) —p-z < 0} '
z—0

The unique bounded and uniformly continuous viscosity solution, w, to the Hamilton-Jacobi equation (1.4),
established in [11], is defined by u(-,T) = g and that for all (z,t) € R? x (0,T)

pt+ H(pz,x) <0 V(pa,pt) € D™ u(x,t) (4.18)

and

Pt + H(ps,2) >0 Y(ps,pi) € DT u(a, t). (4.19)
Similarly a bounded uniformly continuous w is called a supersolution (respectively subsolution) of (1.4) if (4.18)
(respectively (4.19)) holds.

4.4. General approximations

The essential property of the symplectic Euler method we have used is that i, ()_(n, tn) = An. This relation
holds precisely for symplectic approximations (c¢f. Rem. 4.8):

Theorem 4.7. Consider a general one step method

XnJrl == A( n+1, Xn)
An = C(Ant1, Xn

N

) (4.20)



CONVERGENCE RATES OF PONTRYAGIN APPROXIMATIONS 169

with

w(Xn,tn) =g(XnN) + B(Mny1, Xn)At.

Then ty(Xn,tn) = An, for all n, implies that the mapping ¢ : (Xn,j\n) = (Xna1, Any1) is symplectic. If ¢ is
symplectic it is possible to choose the function B so that Uy (Xy,tn) = An, for all n.

Proof. As in Lemma 4.2 we have

_ dA(Xp, Ag1 (X _ dB (X, Mps1( X
(Ko 1) = ( dXH( ) ( d)_(+1( )

Uy (XnJrla thrl) +

Therefore the relation
holds if and only if AAy + By =0 and M, + B, = C. Let S = AA + B. Then AA, + B) = 0 is equivalent to
S\ = A, but S, = A implies B =5 — \S), so that AA, + B, = S;. Therefore NAy + By, =0 and \A, + B, =C
is equivalent to A = Sy and C = S,.

Let S =Myt - X + Atl:l(j\nﬂ, X,,). Then (4.20), with A = Sy and C = S, becomes

Xn+1 = Xn + Atf{)\(Xn, 5\n+1)
An = A1 + AH (X, A1), (4.21)

which by Remark 4.8 is equivalent to symplecticity of the mapping (X, An) +— (Xnt1, Ant1)- O
Remark 4.8. A one step method (4.20), interpreted as

(Xna S‘n) = (XnJrla Ant1),

is called symplectic if there exists a function H(X,41,X,) such that (4.21) holds, see Theorem 5.1, Lemma 5.2
and (5.5) in Chapter VI of [19], where a thorough study on symplectic methods can be found.

To generalize the error estimate of Theorems 4.1 and 4.5 to general symplectic one step approximations
(4.21), e.g. the second order symplectic Runge-Kutta method

.1 _ _ _ _ _ _ _ _
H = 2 (Hr1, X0) + H (At + Aty (Ao, Xn), X+ AtHA (A1, X))

requires first an extension of X,, and 4 to all time, by approximations (f, h) of (f°, h%) with

and then an estimate of the residual error r as in (4.12). In practice we need more regularity of H? to take
advantage of higher order methods. Since we only have Lipschitz bounds of H the estimate of r is not smaller
than the error h% —h, which is O(||H||c»)(At)? = O((At)P /6P~1) for a pth order accurate method. Consequently
the residual error is not smaller than O(§ + (At)P/§P~1) = O(At) for § ~ At, so that our error estimate does
not improve for higher order schemes, without additional assumptions. On the other hand by extending X as a
piecewise linear function, as before, the only change of the analysis in Sections 4.2 and 4.3 to other symplectic
methods (4.21) is to replace H®(An 41, Xn) by H(Any1, X,,) and since

|H® — Hlle + 8| H® — Hljer + 6*(|H® — Hl|c2 = O(A)
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the estimate (4.8) holds for all symplectic methods which are at least first order accurate.

Similarly, by considering (X, 1, An), instead of (X,,, Any1), as independent variables the scheme

is symplectic if and only if

Xn = _n+1 - Atf{)\(Xn—i-l; j\n)
5\n+1 = j\n - Atf{w(Xn—i-l; j\n)v (4.22)

and the error analysis of the methods (4.21) applies with
H(Xna 5\nJrl) = (XnJrl - Xn) : (5\n+1 - S\n) + H(XnJrla S\n)

An example of a meth0d7(4.22) is the Euler method H = H , which is backward Euler for X forwards in time
and backward Euler for A backwards in time, in contrast to (1.15) which is forward Euler for X forwards in
time and forward Euler for A backwards in time.

5. COLLIDING SHOCKS

This section describes when the minimum of % in (1.17) is attained by up to d+1 paths in R%. We perform the
discussion with three paths, X+, X~ and X, which yields a collision of three shock waves. The generalization
to d 4+ 1 paths is then straightforward.

The codimension one surface I' in space-time consists now of three parts which intersect where the minimum
is attained by the three paths. The three parts are generated, as in Section 4.3, by the minimum attained by two
paths XT&X~, XT&X°, and X ~& X0, respectively, see Figure 5.1. Section 4.3 showed that the subdifferential
of w is empty on the three parts where the minimum is attained by two paths. The subdifferential is then also
empty on the subset of I' where the minimum is attained by three paths and the superdifferential becomes the
convex combination

Py = s+5\+ +s5 A+ 305\0
where 0 < s;, s_,s0 <1 and
S+ +85_+s9=1.
Here AT, A7, A0 are the three limits of A along the paths X, X~ and XY, respectively. A construction of
the remainder ¢, which is linear in A on T', is still possible and we conclude that @ is a viscosity solution to the
Hamilton-Jacobi equation (4.8) with the same estimate of the remainder as in Section 4.

This derivation generalizes to a minimum attained by several paths, but the case with d + 1 paths in R? is
special since this configuration is stable in the following sense. Here also the argument is for three paths, with
easy generalization. We note that a piecewise smooth exact solution u to the Hamilton-Jacobi equation (1.4)
satisfies the Rankine-Hugoniot condition

—s[A\]| + [Hn=0. (5.1)
The collision of three planar shock waves, cf. Figure 5.2, given by three states A, A~ and A% intersecting at
x =0 at t =0, is stable since the position Az € R? of the intersection of the shock fronts at time At described
by the three equations
(Az — Ats;n;) -n; =0, i=0,—,+
can be written
Az -n; = Ats;
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X0

FIGURE 5.1. Collision of three backward paths X+, X~ and X yields three colliding shocks.

Fi1GUure 5.2. Collision of three planar shocks.

which by (5.1) takes the form

i—g;()\*f)ﬁ):H*fH*,
%,()\-‘r_)\O)ZI.I-F_I{O7
i—i-()ﬁf)\o):H*fHo.

Note that this system of three equations is in fact given by two linearly independent equations, with the
intersection solution of a codimension 2 hyperplane in R, so that the picture of three constant states \g, Ay

and A_ separated by three colliding shock waves remains a solution. The same line of reasoning gives that a
collision of d + 1 shocks in R? is stable.

6. C STABILITY FOR HAMILTON-JACOBI EQUATIONS

The seminal construction of viscosity solutions by Crandall and Lions [9] also includes C stability results
formulated in a general setting. We restate a variant adapted to the convergence results in this paper.

Lemma 6.1. Suppose H : R? x R¢ — R is a Lipschitz continuous Hamiltonian satisfying for a constant C' and
for all x, %, A\, A € R?
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Suppose also that e : R4 x [0,T] — R and g : R — R are Lipschitz continuous. Then, the bounded uniformly
continuous viscosity solutions u and u of the Hamilton-Jacobi equations

g + H(ug,) =0 in R x (0,7T), Ulra sy = 95 (6.1)
G+ H(lp, ) =e inR*x(0,T), dlgaxiry =9, (6.2)

satisfy the C-stability estimate
v — @lleraxior)) < Tllellemdxio,r)- (6.3)

The comparison principle, cf. [5], for a subsolution, u~, and a supersolution, u™, of a Hamilton-Jacobi
equation says that

)

sup (v —ut) < sup (v —uh)
R x[0,T] REx{T}

which can be proved with the usual doubling of variables technique for the uniqueness, cf. [14]. Since u is a

viscosity solution of (6.1), we see by Definition 4.6 that u* = u=(T—t)|le]¢(rax[0,77) are super and subsolutions,

respectively, of (6.2), and since 4 is both a sub and a supersolution to (6.2), the comparison principle yields
u <4 <ut,
which implies (6.3).

7. HOW TO OBTAIN THE CONTROLS

The optimal control for the exact problem (1.4) is determined by the value function through the Pontryagin
principle
a(z,t) € argmin(uq(,t) - f(z,a) + h(z,a)).
a€B
Assume we have solved a discrete approximating optimal control problem and obtained the approximations X,
X and @. Can they be used to determine an approximation of the control a? Even in the case that the optimal
control S(\, ) = argmin, (\- f(z,a) + h(z,a)) is a function, it is in general not continuous as function of = and
A but only piecewise Lipschitz continuous. Therefore the approximate control S(A(t),z) cannot be accurate
in maximum norm. However, weaker measures of the control can converge; for instance the value function is
accurately approximated in Theorems 4.1 and 4.5. At the points where S is Lipschitz continuous the error in the
control is proportional to the error |\(z,t) — u.(x,t)|, for fixed x. If we assume that the error (-, t) — u(-, ) is
bounded by € in a y/e-neighborhood of x and that i, and u,, also are bounded there, we obtain, for difference
quotients Au/Az and |Azx| = /€, the error estimate
5\7%:5\7@ Az Au  Au

Convergence of the approximate path (X, \) typically requires Lipschitz continuous flux (H,, H,), which we do
not assume in this work.
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