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ITERATIVE UPWIND FINITE DIFFERENCE METHOD WITH
COMPLETED RICHARDSON EXTRAPOLATION FOR
STATE-CONSTRAINED HJB EQUATIONS
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Abstract: In this work, we develop an iterative method in conjunction with an upwind finite difference
discretization scheme for solving a Hamilton-Jacobi-Bellman (HJB) equation governing a class of state-
constrained optimal feedback control problems. We prove that the method is stable. We also propose
an algorithm for computational domain reduction and a completed Richardson extrapolation technique
to improve the accuracy of numerical solutions from the method. Numerical results will be presented to
demonstrate the accuracy and efficiency of the method.
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Introduction

Many real-world problems in classic and financial engineering are governed by the following
optimal problem:

Problem 1.1.

ugl)iélU J(u) = [T L(x(t),u(t), t) dt + ¢(x(ty))

subject to @ = f(x(t),u(t),t), forall te (s,ty],
z(s) =y,

where x € R™ and u € U C R™ are the state and control, U denotes the set of all admissible
controls, t¢ > 0 is a constant, (s,y) € [0,¢7) xR™, y € R™ is a given point. L : R*"*™*T!l R/
¢:R® - Rand f:R"™+l 5 R" are known functions.

If s =0 and y = z¢ is fixed then Problem 1.1 reduces to an open-loop optimal control
problem. The solution to the open-loop problem constitutes an optimal control u along the
optimal trajectory x from the initial state xg. However, this solution is neither robust nor
stable with respect to perturbations in the state x. This is because if perturbations exist
in the state x such that it is off the optimal trajectory, then the corresponding optimal
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control solution is no longer available, as the open-loop solution becomes non-optimal. On
the other hand, the solution to the closed-loop problem is robust or stable because it is
defined over a time-space region that contains all possible optimal trajectories in the region.
Hence, the corresponding optimal control can still be determined without resolving the
problem even if disturbances are present in the state x. Therefore, optimal closed-loop
or feedback controllers are much preferred in practice than open-loop ones. However, the
above problem is usually not analytically solvable except for some trivial cases. Therefore,
numerical approximations are always sought in practice which requires efficient, stable and
accurate numerical methods.

Before further discussion, we firstly need to transform the problem into a first order par-
tial differential equation called the Hamilton-Jacobi-Bellman (HJB) equation. By defining
the value function

V(s,y) = ;ng J(s,y,u)

and using the Dynamic Programming approach, it is well known that the above optimal
feedback control problem can be written as the following HJB equation

ov. .
B + JrelfU [VV - f(z,u,t) + L(x,u,t)] =0 (1.1)

with terminal condition
Vity,z) = ¢(x(ty)). (1.2)

In this equation there are two unknowns, the value function V' and the optimal control u.

Generally, the solution to HJB equation is continuous but nonsmooth. To deal with this
nonsmooth solution, the concept of viscosity solution was introduced by Lions et al [5], [6]
and [19]. In the presence of state constraints, Soner [29] broadened the definition of the
viscosity solution to the constrained viscosity solution. More detail about viscosity solutions
of HJB equations can be found in [3] and [7].

Although the HIB equation system (1.1)—(1.2) has theoretically a unique solution under
certain assumptions, it is in general impossible to solve (1.1) analytically. In practice,
numerical approximations to the solution of (1.1) is always sought as mentioned above.
Therefore, numerical methods are crucial for the accurate approximation of (1.1). There are
many numerical methods available in the literature for solving unconstrained HJB equations,
such as those in [1-3,8,9, 13,14, 26, 35, 36] to name but a few. Among these methods, we
are interested in the upwind finite difference method introduced in [35] due to its simplicity.
For one dimensional problems, we let the spatial and time intervals be partitioned uniformly
into M and N subintervals, respectively, with respective mesh sizes Ax and At. Then, the
application of the method in [35] to (1.1) yields the following discrete system:

VI VE | L signf!

_kVi]fi-l - Vzk + 1- Signfik f_k; Vz‘k v
At 2

21—V k
LF =
fi Az 2 ¢ Az +Li=0

Vk-‘rl _ Vk+1
ui—”l = arginf f($i7U,tk+1)zA7H + L(@i, u, tpt1)
u x

for k =1,...,N and i = k,..., M — k along with terminal condition (1.2), where signf¥
denotes the sign of fF,

fk :f(x%tlwui’c)) Lf :L($i7tk7u?)a ‘/ik %V(xlatk)a U,]f %U(Z‘i,tk),

K3
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where z; and t; denote the mesh points in the z- and t-directions respectively. In the above
discretization scheme the upwind technique is used, that is if f¥ > 0 the scheme switches
to the forward-difference scheme and to backward-difference scheme for the opposite sign.

However, there is a drawback, namely trapezoidal propagation of the spatial domain
with each time step as discussed in [27,35]. This is because from the discretization one can
see that, for given i and k, V"™ is determined by the three previous values V|, V/* and
Vi’fH. This propagation causes a large initial spatial region so that it leads to expensive
computation due to a greater number of computed grid points. To address this problem
and to improve the speed and accuracy of the method, we introduce an Iterative Upwind
Finite Difference Method (inspired by Luus [20]) in combination with Completed Richardson
Extrapolation ( [24]).

Note that although Problem 1.1 contains constraints on the control variable w, it is not
state-constrained. Clearly, if state constraints are present in Problem 1.1, the resulting
optimal feedback control problem is much harder to solve numerically than Problem 1.1.
To our best knowledge, there are essentially no numerical methods in the open literature
for the approximation of the viscosity solutions Problem 1.1 with state constraints. On the
other hand, there are many such problems in practice as state constraints are very often
imposed for an optimal feedback control problem. In this work, we will develop an iterative
upwind finite difference method for an HJB equation governing a class of state-constrained
optimal feedback control problem, based on the above upwind finite difference scheme. The
iteration part of the method applies to the doubling of the number of discrete z-values in
order to gain better accuracy. Adjustments from iteration to iteration are designed to create
efficiencies. In order to iterate without a trapezoidal propagation of the spatial domain in
each time step, we impose artificial boundary conditions to be explained later.

As is commonly known, Richardson extrapolation is a technique for improving the order
of accuracy of numerical results. The main idea behind this technique is as follows. If the
rate of convergence of a discretization method with grid refinement is known and if discrete
solutions on two systematically refined grids (coarse and fine grids) are available, then this
information can be used to provide higher-order solution on the coarse grid. As a result, it
is easily implemented as a postprocessor to solutions regardless of the methods or equations
producing them (cf., for example, [23]). In this work, we will use this technique to improve
the accuracy of the approximate solutions from our method.

Iterative Upwind Finite Difference Method

Let us consider the following state-constrained optimal feedback control problem:

Problem 2.1.

min, J(u) = [ L(x(t), u(t), t) dt + p(x(ty))
subject to @ = f(z(t),u(t),t), forall te (s,tf],
z(s) =y,
where
Q= {u(t) eRY| g(xz,u,t) <0}, forall te(0,ty],

t; > 0is a constant, (s,y) € [0,t7) x R", z € R", y € R" is a given point and L : R"T7+1 —
R, ¢:R* - R, f: R*T9*l 5 R™ and g : R"T9+t! — R™ are known functions.
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Clearly, the set € is determined by the constraints on both = and uw. To develop our
numerical method for Problem 2.1, we first convert it to an unconstrained optimal control
problem by incorporating linear penalty terms in the objective function as given below.

Problem 2.2.
min  Plu,r) = J(u) + [ rT(t)g,(x(t), u(t), t)dt

u(t)ER?
subject to & = f(z(t),u(t),t) forallte (s,tg],
z(s) =y,

where 7 = (ri(t),r2(t),...,7m(t))T is a vector satisfying 7;(t) > 0 for i=1,2,...,m and
gp : R4 — R is the smoothed version of [g]+ = ([g1]+, [g2]+, - - - [gm]+)T defined as

0 if g < —p;

golwut) = ¢ WEE it —p<g<p
g if g > p.

where p is a chosen positive constant and [z]4 := max{0, z} for any z.

Penalty methods have been used very successfully for solving constrained optimization
problems and for optimal control and constrained optimization problems (cf., for exam-
ple, [12,17,18,31,33]). The r in Problem 2.2 represents a set of penalty constants which
are usually chosen to be large positive numbers. Note that in this case smoothing the sharp
corner of [g]+ at zero is necessary with the aim of applying standard gradient-based opti-
mization routines. Using a standard dynamic programming argument, it is easy to show
that the HJB equation corresponding to Problem 2.2 is as follows:

88—‘; +inf [VV - f(z,u,t) + L(z,u,t) + rg,(z,u,t)] =0 (2.1)
with the terminal condition (1.2)

Remark 2.3. For the convergence analysis of the linear penalty on constrained viscosity
solution of HJB equations, we refer to [3], [4] and [21].

Note that Richardson Extrapolation usually requires some assumptions such as smooth-
ness and asymptotic range of the solution. Smoothness of the solution is important because
the analysis of Richardson Extrapolation is based on Taylor series expansion. In order to
have a smooth solution as required by Richardson Extrapolation method, we need to change
equation (2.1) to the singularly perturbed convection-diffusion equation

ov + inf [VV - f(2,u,t) + L(z,u, t) + rg,(z,u, t)] + eVV =0 (2.2)
ot u€R4

with the terminal condition (1.2). The difference between (2.1) and (2.2) is only the diffusion
term V2V, ¢ > 0, which represents a small perturbation parameter. As ¢ — 0 the solution
of (2.2) converges to the solution (2.1) (see [3]).

We now present our numerical method for (2.2) and (1.2). To simplify notation, let
us consider an optimal control problem with one control u and one state variable z €
[a,b]. Extension to a multivariable optimal control problem can be easily done with some
adjustments to notation. In addition, without loss of generality and for the intention of
numerical tests later, we will set s =0, y = o and t; = 1.
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Discretization of HIB

We start with constructions of spatial discretization and time stages. We select a positive
integer M and divide the space interval [a,b] into M equal partitions so that

b—a

z;=a+ (i—1)Az with Az =

fori=1,...,M + 1.
In order that this spatial discretization always contains the initial point, an appropriate
shifting might be necessary. Let j = arg min|z; — xo| and make the adjustments
7

x; T + (vo —xj), a+a+ (vo—xj), b b+ (zo—xj)

fori =1,..., M. Next, we impose a limit on control u(t) where ¢ € [0, 1], specifically, the
lower bound u; and the upper bound u,. This constraint is usually determined by physical
limits of the system control values.

The time interval [0,1] is then divided into N equal partitions with At = —+ so that

te=1+(k—-1At, k=1,...,N+1

is the backward partition. This means that ¢; and ¢y41 correspond tot = 1 and ¢t = 0
respectively.

With notation VF ~ V(t, ;) and u¥ ~ wu(tg,2;) for the value function and control
variable at point x; and time t;, we split the equation (2.2) into 2 equations and discretize
it fori=1,...,M + 1 as follows

M N 1+ signfF * Vi -V i 1- &gnfﬁ fk V'k—l + LF
At 2 A 1
vk, —2VF 4 VE
k i—1 i i+1
_ _ 2.
+ rgp,z + e (Az)Q 0 ( 3)

k+1 k+1
Vi v

M1 — arginf U, t
U; argu& (f(x’mua k:+1) Ax

+ L(xi) u, tk+l) + Tgp('ria u, tk+1)> 9

where fF = f(z;,tr,ul), L¥ = L(z;, g, ub), gpi = gp(i, tr,u ) and signfF denotes the sign
of f at point z; and time t;. In (2.3) the spatial derivative 2 a is approximated by the first-
order upwind finite difference scheme which has been widely ubed for convection-diffusion

and various types of HJB equations [11,16,18,28] Using 1, = 7 and 7y = (AA;)Q, (2.3) can
be rewritten as follows:
1+ signfk
VI = (Ll S|+ 2eme) Vi - [ngszf +en| VE,
1 — sign f*
+ #gfszk — 5772] - At(Lk +79p; ) (2.4)

for ¢ = 2,..., M. Because the Upwind Finite-Difference Method is an explicit method, we
need to consider the stability of the scheme under some conditions on the step lengths At
and Az. This is given in the following theorem.
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Theorem 2.4. Under the condition

Az | flloo + 22

N == An2

(2.5)

the scheme (2.4) is stable.

Proof. It is known from [30], that the scheme (2.4) is stable if and only if with L +rg, =0
it is also stable. The scheme (2.4) with L 4+ rg, = 0 is equivalent to

1+ signfF 1 — signfF
V;k+1 _ [1+ 285 S, mfr - 2g f 771f¢k+25772} vk
1 + signfF 1 — signfFk
- |:2gf771fik +€772] Vi + |:2gf771fik - 5772} Vi,
Introduce the discrete maximum norm || - ||o defined by
IVFlee = _max [V
1<i<M+1
and let . .
1+ signf; 1 —signf;
0‘? = _fgfnlfik — &2, ﬁf = #gfnlfik - Ene2.
Then, we have the following two cases.
1. If fF >0 then
At €
k k k
i — _p fFE— = (ke = 0
% mfi = e Az (f’ Az) o

At
B = —enp = N >0,

since At < 0.

2. If fzk < 0 then

At
a; = —€Ng = 756 >0

At €
ot =t —em ==z (1014 57) >0

~

Therefore, under the condition 0 < a¥ + 8¥ < 1, we have

\VikH| = |(1—C¥i—€—ﬁf)%k“t‘a?%ﬁl"‘rﬁf%ﬁl'
< (L—af = BIVF + af VAL + BFalViE, |
< V¥l

for k =0,1,...,N. In particular, when k + 1 = N, taking the maximum on both sides of
the above with respect to ¢ and using the recursive relationship, we get

VA oo IV oo < - < [V |oo-

Therefore, the scheme is stable under the condition of + ¥ < 1.
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From their definitions it is to see that

t 1

k k k k

\ k— _ kI 9epy = — YAz +2¢) < AN 2e),

Q; +5z 771|fz| €2 N (|f1| T+ 6) = NAz2 (Hf” T+ 5)

where N = —1/At and ||f||s denotes the discrete maximum norm of f. Therefore, a
sufficient condition for the stability of the numerical scheme is given in (2.5). We have thus
proved the theorem. O

Remark 2.5. Note that the stability condition (2.5) is the extension of the stability condi-
tion in [35] in the case for £ # 0.

Next, we set the initial value function according to

Vit =g(i(1), i=1,...,M+1

and initial control value for ¢ =2,..., M +1
vi-vi
uj = argmin (]‘(151733i7u)ZAZ1 + L(t1, T, u) + rgp(tl,xi,u)> )
x

As mentioned before, the HIJB problem (1.1)—(1.2) is a pure initial (or terminal) value
problem and the application of the upwind finite difference scheme to it requires a proper
trapezoidal region due to the propagation of the numerical scheme which is computationally
very expensive. The use of the artificial diffusion term in (2.2) can help to remedy this
problem because the effect of a trapezoidal propagation on the spatial domain for each
time stage can be avoided by setting up some artificial boundary conditions for control and
value function based on linear extrapolation of the closest known points. Theoretically, any
artificial boundary conditions can be used as we expect that when ¢ is sufficiently small,
the problem may display boundary layers so that the inaccuracy due the artificial boundary
conditions is only inside the layers [22,34]. Therefore, the linear extrapolation to boundaries
is chosen because it is simple to apply in computation. In this case, the boundary conditions
behave like 1z, = 0 = Vg, or uyy = 0 = V. Moreover, it gives freedom for the edge points
to flip following the line directed by the values of two closest points. Thereby, for i =1

1_o,1 1
uy = 2uy — us.

Next, we update the value function for k =1,..., N and i = 2,..., M according to (2.4)
and do extrapolations for both boundaries

k+1 _ ork+1 k+1 k+1 _ oyrk+1 k+1
ViTm =2V =V Vil =2V = Vgt
Moreover, to update control we set for k=1,...,Nandi=2,..., M + 1,

k+1 k41
Vit —Via

Az +L(tk+17$¢,u)+7“9p(tk+1>$i,u)>

ubtt = argmuin <f(tk+1>$i>u)

and for the left boundary

u]f+1 = 2u§+1 — u§+1.

So far we have obtained V}* and uf for i = 1,...,M + 1 and k = 1,..., N + 1. These
constitute the first iteration of the method.



386 HARTONO, L.S. JENNINGS AND S. WANG

Finding Optimal Trajectory and Control

To iterate, we first need to determine the optimal trajectory from the first iteration. Starting
with the initial value, we integrate forward the state equation & = f(t,x,u) using the
following predictor-corrector method. Let us name the resultant trajectory and control y,
and u,, for predictor, y. and u, for corrector with y,(1) = y.(1) = ¢ and u.(1) = u(xo, tn+1)
respectively.

The control value used during the integration is the optimal control value corresponding
to the closest grid point to the resultant state as suggested in [32]. Thus, forl =2,... , N+1

Yp() = yell=1) = Atf(t-14n+3,Yp(l), uc(l — 1))
up(l) = u(@i-(1),t-14n+3)
where ¢* = argmin |y,(I) —x;], i=1,...,.M +1

ye(l) = yell—=1) = 3A(F(t-r4n+3:Ye(l = 1) uc(l = 1))
+  f—1en+3,Yp(); up(l)))
uc(l) = w(@i-,t-14n+3)

where ¢* = argmin |y.(I) —z;], i =1,...,M + 1.
K2

The resultant pair (y.(1),uc(1)) for I = 1,..., N +1 makes an optimal trajectory and control
for all time steps from the first iteration of the HJB. In addition, the value function along
the optimal trajectory can be determined by the value function of the corresponding closest
grid points. The penalty value and objective function value can also be evaluated by forward
integration along the optimal trajectory of corresponding terms.

Region Size Reduction

Now, we determine a procedure for region reduction based on the optimal trajectory and
control from previous iteration. This new region is applied to the next iteration in order to
improve computational speed and accuracy. What we need, first, is the maximum and the
minimum value of resultant control and trajectory. Thus, for [ =1,...,N +1

Tmax = Max yc(l), Tmin = min yc(l)
Umax = MaxX Ue(l),  Umin = min u.(1)

In view of the fact that for the next iteration the number of interval partitions M will be
doubled, we set the region for the next iteration as follows:

4 = Tmin — AT, b= Tmax +cAx, M =2M
and the lower and upper bound for the control
uy = LulninJ7 Uy = hﬁnax}

where u; and u,, are consecutively the lower bound and upper bound for the control and |z ]
means rounding the elements of z to the nearest integer less than or equal to z, [z] rounding
the elements of z to the nearest integer greater than or equal to z and ¢ some given positive
integer. c is used to make the region larger so as to improve stability.

We repeat the above steps, i.e. discretization of the computation of the HJB equation,
forward integration of optimal trajectory and region reduction until iteration has nearly
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reached convergence. For that purpose, we may prescribe a lower bound for space interval
shrinkage factor in percentage, i.e. the ratio of latter space interval length to former. The
smaller the shrinkage factor is, the larger the reduction of the space interval length for the
next iteration. The shrinkage factor close to 1 indicates that the length of space interval
for the next iteration does not change much. By setting a lower bound for space interval
shrinkage factor high, for instance 95%, it will ensure that the asymptotic range requirement
for applying Richardson Extrapolation is satisfied. Afterwards, we run additional iteration
with Completed Richardson Extrapolation as described in the next subsection on the region
reduction from the last iteration. This improves the result accuracy from first-order to
second-order.

Completed Richardson Extrapolation

The Completed Richardson Extrapolation proposed by Roache and Knupp in [25] is an
extension of the original Richardson Extrapolation. They completed the method by giving
higher-order solution not only on the coarse grid but on the entire fine grid. In particular,
they presented application of the extrapolation on numerical solution of time-independent
partial differential equations as examples. Furthermore, Richards [24] modified it in order
to be used on time-dependent partial differential equation problems.

In short, the formulas for Completed Richardson Extrapolation are as follows. Let ¢, ;
and ¢y ; denote respectively the first order approximate solution at node ¢ on the coarse
and j on the fine grid. The fine grid here is formed by bisecting the coarse grid such that
the fine grid coincides with the coarse grid only when the indices are odd (5 = 2i — 1)
where i = 1,2,..., N 4+ 1. Then the extrapolated second order approximate solution by the
Completed Richardson Extrapolation, ¢rg ;, is determined by

PRE,; = 20§, — Peu for j =2i—1, (3.1)
OREj+1 = P j+1+0.5(prEj — 5 + PREj+2 — Prj+2) for j+1even  (3.2)

From the last iteration, we choose M as the number of coarse grid points so that

b—a Az || flloo + 22 1
M. =M, Are=——, N> ——5—, Ate=-——,
Yo T ML (Az.)? N,
where e, is a chosen small positive number. Analoguously, we choose Az and Aty so that
My =2M. and Ny = 2N, and €5 = ¢, for fine grids.

Remark 3.1. At this stage, an appropriate shifting in the spatial discretization might be
necessary to include the starting point xg.

Theorem 3.2. The conditions My = 2M.,Ny = 2N, and €5 = e./2 fulfill the stability
condition in (2.5).
Proof.

- Az, HfHOO"'QEc

_ 20z || flloo + 4ey _ Az flloc + 265
4(A$f)2 (Axf)Z
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O

Then, we run an extra iteration as before and update the value function (Vgg) and con-
trol (ugg) for the fine grids according to (3.1) and (3.2). The resultant pair of matrices
(VrE,urEg) is the solution of HJB equation which has a second order of accuracy.

Remark 3.3. We also comment that although it is required in Theorem 3.2 that ey = ¢./2,
in practice, the perturbation parameter ¢ is usually chosen to be much smaller than any mesh
sizes. Therefore, in computations, we simple choose ¢ = €. and the sufficient condition (3.3)
still holds true.

Numerical Experiments

To test the effectiveness of this algorithm, we take two examples ranging from simple to
more complex. The first example contains 1 state, 1 control and 1 mixed (state-control)
inequality constraint from [37] and the second example from [31] has 2 states, 1 control and
1 purely state inequality constraint.

Example 4.1. The problem is to minimize

win{ [ (@ = 2yt + bo)?}

subject to
T=u z(0)=0

g(x,u,t) = —(2® +u? —t* —1) <0

The analytic optimal solution for this open-loop problem is z*(¢) = ¢t and u*(t) = 1,
so that the constraint is active for all ¢ € [0,1]. The value function for this solution is
—% ~ —0.166666667.

The corresponding HJB initial-value problem for this example is

Vi + min(uV, + (2% +u? — 2u) + rgp(z,u,t)) = 0
V(L) = $(z(1)?

The numerical simulation is done using MATLAB R2010A and MATLAB Optimization
Toolbox. We start with region —1 < x < 2 and —2 < u < 2 for the first iteration and then
reduce it progressively according to our proposed method. The problem has been resolved
for ¢ = 107!° and various values of M. The first four iterations are purely computed
with Iterative Upwind Finite-Difference Method while the last iteration for M = 256 is the
result of implementation of the Completed Richardson Extrapolation. The summary of our
computations are given in Table 1.

The first, second and third columns are respectively the number of iterations, the number
of spatial and time partitions. The penalty value and objective function value along the
optimal trajectory for each iteration are shown in fourth and fifth columns. These values
are evaluated by forward integration of corresponding terms along the optimal trajectory
whereas the value function in sixth column is the value function at the initial point obtained
from the Upwind Finite Difference Method. The discrepancy between the objective function
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Table 1: Computational result for Example 4.1 (¢ = r = 2, = 10710).

it. | M | N | pen. obj. value a, 0] [ug, uy) | %x
1 [ 16 | 11 | 0.2799 | -0.2472 | -0.1039 | [-1.000, 2.000] | [-2,2] | 0.56
2 | 32 | 38 | 0.0429 | -0.1792 | -0.1466 | [-0.375, 1.319] | [0, 2] | 0.71
3 | 64 | 107 | 0.0039 | -0.1646 | -0.1570 | [-0.106, 1.098] | [0, 2] | 0.89
4 | 128 | 238 | 0.0107 | -0.1688 | -0.1600 | [-0.038, 1.039] [0,2] | 0.96
5 | 256 | 497 | 0.0040 | -0.1659 | -0.1623 | [-0.017, 1.015] [0,2] | 0.98

value and the value function in each iteration is caused by the use of state and control values
of the corresponding closest grid points along the optimal trajectory in the evaluation of
the objective function value. However, from iteration to iteration this discrepancy becomes
smaller. This indicates that the use of the state and control values of the corresponding
closest grid points is a reasonable choice. It can be seen also that in general the penalty and
value function decrease as the number of iterations and M increase. Additional information
related to the space and control interval used during the iteration are in the seventh and
eighth columns. Last column contains the space interval shrinkage factor.

Tables 1, 2 and 3 indicate that the computed optimal control and state along the optimal
trajectory converge to the analytic solution as the error decreases significantly.

Table 2: Computed error for u in the maximum and Lo norm for Example 4.1.

M

Error 16 32 64 128 256
[-Tles | 0.1406 | 0.0296 | 0.0059 | 0.0068 | 0.0015
| -ll2 | 0.2346 | 0.0776 | 0.0332 | 0.0420 | 0.0194

Table 3: Computed error for z in the maximum and Ls norm for Example 4.1.

M

Error 16 32 64 128 256
I loo | 0.0562 | 0.0083 | 0.0013 | 0.0016 | 0.0004
[[-1l2 | 0.1049 | 0.0250 | 0.0069 | 0.0094 | 0.0072

The computed results for the last iteration are plotted in Figures 1-3. It can be seen
that the value function and optimal control shown in Figures 1(a) and 2(a) are smooth in
the solution domain. This shows the success of the linear extrapolation used.

Example 4.2. The second problem is as follows.

u

1
min J(u) = / (x? + 23 + 0.005u?) dt
0
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Figure 1: Value functions for Example 4.1.
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Figure 2: Optimal controls for Example 4.1
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Figure 3: Optimal state and constraint along optimal trajectory for Example 4.1

subject to the dynamics

=

151 = T2, 1‘1(0):

—

Ty = —xo9+u, To 0):—1,
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and the all-time state inequality constraint
h(t,z) = —8(t —0.5)* + 0.5 + x5 <0, for all ¢ € [0, 1]

Because the constraint is a purely state constraint, it does not give any direct information
on how to choose control that satisfies the constraint. For this reason, we need to replace
the constraint h(z,t) < 0 with an equivalent constraint

Yh(z,t) + oh'(z,u,t) <0
where 9, p > 0 are two additional control variables, as mentioned in [10]. Here

dh  Oh oh
h' t)=—=— t) + —.
(@ ut) =g = g/ @ud+ 5
Further, to reduce the number of additional controls, we modify this new constraint as
follows
B, ) + (1= ) (2,u,1) <0,

where 0 < 1) < 1is a constant close to 1. It is obvious that if h(x,¢1) = 0 then A/ (z,u,t1) <0
so that h(z,t) < 0 for ¢ € [t1,t2],t2 > t1. On the other hand, when h(z,t;) < 0, the
inequality implies h(x,t) < 0 for ¢ € [t1,ta2],t2 > t1 due to the dominance of the first term
over the second term. For this numerical example we choose 1 = 0.9 and thus the constraint
becomes

g(t,u,z) = 0.9 h(t,z) + 0.1 ' (¢, u,z).

Therefore, the equivalent problem in HJB form for this problem is

Vi + H%lin(angw1 + (u — 22)Vy, + (27 + 23 + 0.005u%) + 79,(t,z,u)) = 0,
V(1,z)=0.
For the first iteration, we choose the region
—1<2: <1, 3<2x<1, —-20<u<20.

For simplicity, we choose the same number of grid points, M, in both z; and xs-directions.
The computational results for various M are summarized in Tables 4 and 5 in which the
first, second and third columns are respectively the number of iterations and the numbers
of spatial and time partitions.

Like in the previous example, the values of the penalty parameter and the objective
function along the optimal trajectory for each iteration are listed in the fourth and fifth
columns whereas the value function at the initial point is listed in the sixth column of
Table 4. We can see that from iteration to iteration, objective function value increases
while at the same time the value function and penalty decrease significantly. The difference
between the value function and objective function is getting smaller. The lower and upper
bounds of the control used in each iteration are in the last column.

Table 5 provides information on the interval reduction for the state variables z; and x5
in each iteration and the last two columns contain the spatial interval shrinkage factors, i.e.
the ratio of two consecutive spatial interval sizes. From the table we also see the convergence
of our method.

The computed results for M = 128 are plotted in Figures 4-6. In particular, Figure
4 contains the cross-sections of the value function and optimal control corresponding to
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it. | M | N pen. obj. value | [ug, ty]
1 8 46 | 0.2049 | 0.1763 | 0.4378 | [-20,20]
2 16 92 0.0686 | 0.1869 | 0.2595 | [-6,14]
3 32 268 | 0.0320 | 0.1897 | 0.2182 | [-3,14]
4 | 64 | 728 | 0.0048 | 0.2021 | 0.2093 | [-3,14]
5 | 128 | 1654 | 0.0055 | 0.2007 | 0.2072 | [-3,14]
Table 4: Computational result for Example 4.2 (¢ =7 = 2,p = 1072).
it. | M N [ah bl] [az, bz] %1 | Y%oxo
1 8 46 | [-1.000, 1.000] | [-3.000, 1.000] | 0.60 | 0.83
2 | 16 92 | [-0.708, 0.500] | [-2.000, 1.306] | 0.46 | 0.61
3 | 32 | 268 | [-0.402, 0.151] | [-1.413, 0.587] | 0.60 | 0.66
4 | 64 | 728 | [0.297, 0.034] | [-1.125, 0.190] | 0.91 | 0.84
5 | 128 | 1654 | [-0.290, 0.010] | [-1.041, 0.067] | 0.96 | 0.95
Table 5: Computational result for Example 4.2 (¢ =7 = 2,p = 1072).
z9 = —1 and 27 = 0. The value function and optimal control along the optimal trajectory

are depicted in Figure 5. Since the analytical solution to this example is unknown, we
use the results from the open-loop optimal control solver, MISER 3.3 [15], as our reference
solution. The optimal value of the objective function resulted from MISER 3.3 is 0.1736
(see [31]) which is slightly different from our optimal results in Table 4, i.e. 0.2072 and 0.2007
for value and objective functions respectively resulted from forward integration along the
open-loop optimal trajectory. We also plot the optimal states from MISER 3.3 in Figure 5
which confirm that optimal solutions from both methods are close to each other. In addition,
from Figure 5(d), it is clear that the optimal solution satisfies the constraint, i.e. x5 is below
the quadratic function 8(t — 0.5)% — 0.5 for all ¢.

Figures 6(a) and 6(b) show the difference between the original constraint h(t,z) and the
modified one g(t,u,x), in particular when 0 < ¢ < 0.7. During that period the constraint
h(t,z) is inactive, whereas g(t, u, z) is active. However, this does not affect the computation
that much as validated by the small value of penalty in Table 4 and Figure 6(c). From
Figures 6(b) and 6(c) we see that, when 0 < ¢ < 0.7, the violation of the modified constraint
introduces small positive penalty values. On the other hand when ¢t > 0.7 the modified
constraint is inactive and thus the penalty becomes zero.

Concluding Remarks

In this work we proposed the Iterative Upwind Finite-Difference Method for the approxima-
tion of constrained viscosity solutions to Hamilton-Jacobi-Bellman Equations. Stability of
the numerical scheme is analysed. We have also proposed an algorithm for computational
domain reduction and the completed Richardson extrapolation technique for increasing the
accuracy of approximate solutions. Numerical experimental results have been presented to
demonstrate the accuracy and efficiency of the method.



ITERATIVE UPWIND FDM FOR STATE-CONSTRAINED HJB EQUATIONS

valua functian ve x1-t

value function vs x24

(a) 32 = —

optimal control function vs X1t

(¢) 2z =—1

(b) T =0

optimal control function vs X2t

(d) Tl =0

Figure 4: Cross-sections of optimal control for Example 4.2.
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Figure 6: Constraint, modified constraint and penalty along optimal trajectory for Exam-
ple 4.2.
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