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Optimal and suboptimal control of a standard
Brownian motion

MARIO LEFEBVRE

The problem of optimally controlling a standard Brownian motion until a fixed final time is
considered in the case when the final cost function is an even function. Two particular problems
are solved explicitly. Moreover, the best constant control as well as the best linear control are
also obtained in these two particular cases.

Key words: stochastic control, Wiener process, best linear control.

1. Introduction

In a series of papers (see Lefebvre and Zitouni (2012) and (2014), for instance),
the author considered the problem of optimally controlling a one-dimensional diffusion
process until it enters a given termination set. More precisely, assume that the controlled
diffusion process {X(¢), > 0} satisfies the stochastic differential equation

dX (1) = m[X (1)) dt + h[X (t)]u[X (1)) dt + {v[X ()]} /> dB(t), (1)

in which u(+) is the control variable, m(-), h(-) and v(-) > 0 are Borel measurable func-
tions, and {B(r),t > 0} is a standard Brownian motion. We want to find the control u*
that minimizes the expected value of the cost function

T(x)
1= [ {Gancxwl+a} e K re) 1), @
0

where gp > 0 and A # 0 are constants, K is a general termination cost function and 7 (x)
is a random variable defined by

T(x) :inf{t > 02X(l‘) =d;ord, |X(0) =Xxc (xl,XQ)}. 3)
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The set of admissible controls consists of Borel measurable functions.

This type of problem, known as LOG homing (see Whittle, 1982) has also been con-
sidered recently by Makasu (2013), in which an explicit solution to a two-dimensional
problem is presented.

In general, in the problems that could be solved explicitly so far, the function K(-,-)
was set equal to zero. Then, if the constant A is positive, the aim is to make the diffusion
process leave the continuation region as soon as possible (taking the quadratic control
costs into account). When A is negative, the optimizer tries to maximize the time spent
by the controlled process in the continuation region.

In the current paper, we assume that {X(z), t > 0} is a controlled standard Brown-
ian motion and we replace the random variable T (x) by a fixed constant 7;. Moreover,
instead of giving a penalty that is proportional to the time spent by {X(¢), ¢ > 0} in the
continuation region, we assume that A is equal to zero and we choose the termination
cost function K in such a way that one is penalized if X (¢/) is far from the objective.

In the next section, the problem set up above will be solved explicitly for two partic-
ular functions K. Then, in Section 3, we will consider the problem of obtaining the best
constant control as well as the best linear control in the problems solved in Section 2.
The expected costs obtained with these suboptimal solutions will be compared with the
value function, that is, the expected cost when one uses the optimal control. Finally, a
few concluding remarks will be made in Section 4.

2. Optimal control of a standard Brownian motion

Let {X(z), t > 0} be the process defined by the stochastic differential equation
dX(t) =boulX(t),t]dt +dB(t), 4)
where by # 0 is a constant. The cost function is

Ii) = [ %qo PIX ()] + KX (17)], )

fo

where x = X (1y).

We consider an important problem known in control theory as a regulator problem.
In this type of problem, the optimizer is trying to keep the controlled process as close
as possible to a constant c, taking the quadratic control costs into account. In the case of
a controlled standard Brownian motion, we can assume, without loss of generality, that
¢ = 0. Hence, the non-negative function K(-) should be such that K[X (¢)] is minimum
when X (¢/) is equal to zero, and should be strictly increasing with |X (z7)|. Moreover, we
assume that K(-) is an even function and that

X(}gg WK[X(zf)] = oo, (6)
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To solve our optimal control problem, we can use dynamic programming. We define
the value function
F(x,1p) = inf  E[J(x,1)]. 7
(x 0) u[X(t),tl], 1o<t<ty [ (x 0)] )

This function satisfies the Hamilton-Jacobi-Bellman (HJB) equation

) 1 1
0= (mf) {2q0u2(x,to) + Fiy (x,10) + bou(x,t0) Fe(x,t0) + 2Fxx(x,to)} ) 3]
u(x,to

It follows that the optimal control u*(x,7)) is given by

bo
u*(x,t0) = —— Fy(x,1). ©)
q0
Substituting this expression into the HIB equation, we obtain the non-linear second-
order partial differential equation

2

b 1
Fy(x,10) — 27(1)0 [Fe(x,10))* + 5Fm(x,zo) =0. (10)

Actually, F also depends on 77, and we have the boundary condition
F(x,l‘()) IK()C) ifl‘f:l‘(). (11)

We assumed above that the function K[X (¢/)] is chosen to be strictly increasing with
|X(t7)| and to satisfy the condition in (6). It also implies that the following conditions
hold:

lim F(x,10) = . (12)
Indeed, since f; is finite, if we start at +oo the value of [X(z7)| should also be infinite,
unless the optimizer uses an infinite control u. At any rate, the conditions in (12) will
then be satisfied.

Moreover, by symmetry, the value function F(x,7y) should be such that F(—x,1y) =
F(x,tp). Since it must be strictly increasing with |x|, and Fy(x,#y) is assumed to exist, it
has a minimum at x = 0.

Next, we can greatly simplify our problem by defining

G(x,19) = e Fx0)/o (13)
with "
0

Indeed, we find that the function G satisfies the /inear second-order partial differential
equation

1
Gl‘o(x>t0)+§Gxx(x7t0) :Oa (15)
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subject to
G(x,t0) = e KD/ if 1, =1, (16)

Now, let L(®, 1)) denote the Fourier transform with respect to the variable x of the
function G(x,1y). That is,

oo

Liw,1o) := F{G(x,10)} = / ¢~ G (x, 1) dx. (17)

—o0

Because the constant o is positive (and we assumed that the even function K(-) is such
that the condition in (12) is satisfied), we can write that

lim G(x, 1) = 0. (18)

X—>doo

Then we deduce from Eq. (15) that L(w, 1)) satisfies the first-order differential equation
w?
Lto (W, l‘o) — TL(W, l‘()) =0, (19)
whose general solution is
L(w,19) = coe”™/?, (20

in which the constant ¢y is uniquely determined from the condition (see Eq. (16))

L(w,t0) = F{e KD/} if 1, =1 (21)
We may thus write that
co=e U2 Lw,ty), (22)
so that , "
L(w,tg) = " 012 (w, ty) =e" (0=t7)/2 q {o=K(x)/a) (23)

We can now state the following result.

Proposition 1 [f the even function K is chosen in such a way that the condition in (6) is
satisfied, then the optimal control u*(x,ty) is given by

by Gy 1 4 -1y N1
”*(x,to) — _aio G (-x7t0) __ dx,{]il { (W 0)} o4
g0 G(x,t0) — bo F~{L(wto)}
Moreover, the value function is
Fle) = =5 n{ {0 L)} | 25)

0
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2.1. Particular cases

I) The first particular case that we consider is the one for which
KX (17)] = X*(ty)- (26)
Furthermore, we set bg = go = 1, so that o = 1.

Remark. Because the control costs are also quadratic, the optimal control u*(x,f)
should be a linear function of x.

With this choice for the even function K, we have

lim K[X(t7)] = oo
xim KX(s)l

as required, so that we can use Proposition 1. We have

L(w,ty) = Fle ™} = yme /", 27)
It follows that , ,
L(w,tg) = " (0=1)/2 frro="/4, (28)
We find that
1 x2
Gl = (Lw)) = e g [ @

which implies that the value function is given by

1 x?
F(x,t0) = = In[1+2(tf — 1, —_— 30
and the optimal control is
2x
*(x,t0) = —Fe(x,tp) = ————. 31

Remarks. (i) We see that the optimal control is indeed a linear function of x, as expected.
(ii) The function F(x,1p) is symmetrical with respect to 0 and has a minimum at the
origin, as it should.

IT) We now choose the following termination cost function:

KX (17)] = X (1)1, (32)
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and we still take by = go = 1. Again, we can appeal to Proposition 1. This time, we find
that

2
mty) = Fle M} = =, (33)
so that )
— wrtg—t5)/2
L(w,tg) = & (0=41)/ o (34)
We can invert the Fourier transform to obtain the function G:
1 fo—1t
G(x,tg) = =elr /2 ¢ erf STl +2 cosh(x)
2 2(If — l‘())

—terf Xt~ ’ (35)
2(ty —19)

where erf denotes the error function. From this expression for G, it is a simple matter to
calcule the value function

tr—1 to—1tr
F(x,5y) = —1In(2)— L0 10l e verf et/ +2 cosh(x)
2 Z(If—l‘())

Coterf | XTI (36)
2(ty —1o)

and the optimal control

2(ty—to) 2(tr—to)

erf <x+t°_tf) e*+2cosh(x) —erf <x+tf_t°> e*

2(tr—to) 2(tr—to)

erf <W> e~ — 2 sinh(x) +erf (Htft‘)) e

u*(xat()) = - (37)

We can check that the value function is symmetrical with respect to O and has a
minimum at the origin. It follows that u*(0,7y) = 0, which is logical.

We see that a seemingly almost equivalent problem leads to a much more compli-
cated optimal solution. In the next section, we will compute the best linear control for
this particular problem. We will also compute the best constant control for both par-
ticular cases presented above, as well as the expected cost when the optimizer uses no
control at all. The various expected costs obtained by using all these suboptimal controls
will then be compared to the value function in special instances.

3. Suboptimal solutions to our problems

First, we will compute the expected cost when the optimizer uses no control at all,
so that u[X (¢),¢] = 0. Denoting the controlled process in this case by {Xy(¢), > o} and
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the cost function by Jy(x, ), we have
E[Jo(x,t0)] = E[K[Xo(tf)]] - (38)

Moreover, as is well known, Xy(#7) has a Gaussian distribution with mean Xy (fy) = x and
variance ty — fto. It follows that

E[X3(ty)] =tr —to+x. (39)

Now, if Z ~ N(u,c?), we find that

ElZ|] = \F L TP, 40
[1Z]] = —u+ %Gexp ey +2u®(u/o), (40)

where ® denotes the distribution function of the N(0, 1) random variable. Making use of
this formula, we obtain that

_ X2
E[[Xo(ty)] = —x+ 2(tfnt°) exp{z()} +2xd (

Ir—t

X
. 41
w/tf—l‘o) “h

Next, we will compute the best constant control for the two problems considered in
the previous section. If u[X(¢),7] = ¢, denoting the controlled process by X, (), we have

dX.(t) = cdt+dB(t). (42)

Then {X,(¢),7 > to} is a Wiener process with drift ¢ and variance parameter 1. It follows
that, starting from X, (fp) = x,

Xc(t) ~N(x+c(ty—19),tr —19). (43)

Hence, we may write that the expected value of the cost function (which we denote by
Je(x,19) when u[X (t),t] = ¢) is given by

1
Ele(x10)] = 5 ¢ (ty —t0) + E [K[Xe(t7)]] (44)
Thus, if K[X.(t/)] = X2(t/).
1
Ele(x10)] = 5 ¢ (17 —t0) + (ty —10) + [r+ et —10)]7, (45)
while in the case when K[X.(t/)] = |X.(tf)|, we obtain (see Eq. (40)) that

Elo(rt0)] = %cz (5 —10) —x— ¢ty —10)

2(tr —to) [x+c(tr —t)]?
fn : CXP{_ 2(tff—fo;) }
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F2[x+elty—1)] @ <W> . (46)

The best constant control is determined by finding the value of ¢ that minimizes

E[J.(x,10)]. In the first case, we have

%E[JC(X,Io)] = C(Zf—l()) —|—2[x—|—c(tf—to)] (l‘f—t()), (47)

so that the best constant ¢* is given by

= _Hzé);—to)' (48)
The expected cost becomes
2
E[Je(x,10)] = 20— +1r—1p. (49)

Remarks. (i) We can check that this value of the constant ¢ corresponds indeed to a
minimum for the expected cost. (ii) We see that if we start at X.(79) = 0, then the best
constant is ¢* = 0, so that E[J.+ (x, )] reduces to E[Jy(x,19)]. (iii) The value of ¢* depends
on x. However, the control will not change between ) and 7; that is, u[X (¢),t] = ¢* for
all values of ¢ € [1g,7].

Now, writing
At :=t7 —1o, (50)

we find that the optimal constant ¢ when K[X.(t7)] = |X.(tf)| is such that (after simplifi-
cation)

x+cAt
0= —E[J:(x,t0)] =cAt — At +2At D . 51
e Elco)] = con a4 20 (T2 ) 51)
Hence, ¢* satisfies the equation
* At
c*—1+2c1><xt/c§ ):o. (52)

Using a mathematical software, this equation can be solved for any x and Af, which
then enables us to compute the expected cost explicitly. A numerical example will be
provided at the end of this section.

The most difficult task is to determine the best linear control when K[X.(tf)] =
|X.(tf)|. Since we were able to obtain the exact optimal control u*(x,1) in this case,
we could try to find a linear approximation to u*(x,#y). However, here we can find the
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exact constant a such that u,[X (¢),t] := aX,(¢) minimizes the expected value of the cost
function

Iy
1
Jolx,1o) = / SEX0) dr+Xalty), (53)
fo

with {X,(¢),t > o} defined by

dX,(t) =aX,(t)dt +dB(t). (54)

Since the aim is to bring the controlled process as close as possible to zero at time

tr, we can assume that the optimal constant a is negative. Let b := —a. The process
{Xp(),t > 1y} that satisfies the stochastic differential equation

de(l‘) = —bXb(l‘)dt +dB(l‘) (55)

is an Ornstein-Uhlenbeck process, which is a time-homogeneous Gaussian process. We
can write (see Cox and Miller (1965), for instance) that, conditional on Xj,(zp) = x,

1_ 72b([f*1‘())
Xp(t) ~ N | xe b0 2 =€ _— ") (56)
2b
It follows (with Ar =ty — 19, as above) that
1— —2bAt 2
E[X}(0)] = ——— + (xe ™). (57)
2b
Hence, the expected cost when we choose u[X (¢),t] = up[X (¢),1] := —bXp(t) is given by
1
1
Ex)] = [ 3B EXR0)]di+E[X(0p)]
Iy
bAr 1 (1 B
= 3 (2 —bx2> (1 —e M’) +E[1X(tf)]], (58)
where
B 1— e72bAt e—ZbAt
EIGO] = —xe [T exp{ -0 s |
—bAt V2b et

To obtain the optimal constant b*, we must therefore differentiate the expected cost
with respect to b and use a mathematical software to find the value of b for which the
derivative is equal to zero (and check that this value corresponds indeed to a minimum,
which clearly should be the case). Once b* has been evaluated (approximately), we can
compute the minimum expected cost. We will illustrate the procedure with a numerical
example in the next subsection.
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3.1. A numerical application

We will compute the various optimal and suboptimal controls derived in the previous

sections, as well as the corresponding expected costs, in two particular instances. We set
to =0and 7y = 1, so that Ar = 1, and we first assume that the controlled process starts at
x=1.
I) In the first example considered in Section 2, if the optimizer uses no control at all, then
the expected cost is given by (see Eq. (39)) E[Jo(1,0)] = 2. Moreover, the best constant
control ¢* is (see Eq. (48)) = —2/3, and the corresponding expected cost (see Eq. (49)) is
equal to 5/3. Finally, we deduce from (31) and (30), respectively, that the optimal control
is u*(1,0) = —2x/3 and the value function is

1 1
F(1,0) = 5 In(3)+ 3~ 0,88.
We can conclude that, for this numerical example, the optimizer should use some control.
Furthermore, the optimal solution is much better than the best constant control.

If we replace the final time 7, = 1 by 7y = 10, we obtain the following results:
E[Jo(1,0)] = 11, ¢* = =2/21, E[J.~(1,0)] ~ 10,05, u*(1,0) = —2x/21 and F(1,0) ~
1,57. We see that for 77 large, there is a huge difference between the expected cost ob-
tained with the best constant control and the value function.

IT) When K[X,(t7)] = |X.(tf)|, if to = 0,2y = 1 and x = 1, we find (see Eq. (41)) that

E[Jo(1,0)] = E[|Xo(1)|] = =1+ /2/me™ 2 +2&(1) ~ 1,17.
The best constant ¢* satisfies Eq. (52), which becomes
F—142P(1+c") =0.

We find that ¢* ~ 0,43. Making use of this value, we deduce from Eq. (46) that
E[J~+(1,0)] ~ 1,02.

Next, with the help of a mathematical software, we obtain that b* ~ 0,56. Hence, we
compute (see (58) and (59)) that E[Jp+(1,0)] ~ 0,93.

Finally, we find that the value function F(1,0) is approximately equal to 0,90. There-
fore, here there is less difference between the optimal and suboptimal solutions, com-
pared with the first example presented above.

As in the previous particular case, we replace 1y = 1 by 7 = 10 to see whether the
suboptimal solutions are still close to the optimal one when 7 is large. We find that
E[Jy(1,0)] ~ 2,65, ¢* ~—0,072, E[J+(1,0)] ~ 2,56, b* ~ 0,63, E[Jp(1,0)] ~ 2,31 and
F(1,0) ~ 1,50. Although the suboptimal expected costs are closer to the value function
than in the first example with 77 = 10, it is clear that the optimal control *(1,0) is really
superior to the suboptimal controls.
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4. Conclusion

In this paper, the problem of optimally controlling a standard Brownian motion until
a fixed time ¢y when the termination cost function K is an even function has been con-
sidered. In Section 2, we saw that if we are able to invert the Fourier transform L(w, 1)
defined in (17), then we obtain explicit expressions for the optimal control and the value
function.

The Fourier transform L depends on the choice of the termination cost function
K. In Section 2, we presented the exact solution to our optimal control problem when
K[X(tr)] = X*(t¢) and when K[X (t¢)] = |X(t)|. As expected, u*(x,t) is linear in x in
the first case. However, the optimal solution was not obvious at all when we replace the
square of the final position X (/) of the process by its absolute value.

In Section 3, we computed various suboptimal solutions to the problem set up in this
paper. The numerical examples presented at the end of this section showed that these
suboptimal solutions could not compete with the optimal one, at least for the numerical
values chosen for 7, 7 and x. Nevertheless, in the case when we are unable to invert the
Fourier transform L(w, ), the suboptimal solutions are worth considering, especially the
best linear control.

We could have considered a controlled Wiener process with drift 4 and variance
parameter 67 instead of a standard Brownian motion. It would be interesting to see the
effect of the variance parameter on the optimal solution. However, we could then no
longer use symmetry to assert that F'(—x, ) = F(x,1).

Finally, we could try to extend the results presented in this paper by replacing the
deterministic final time 7; by a random variable T that is independent of the controlled
process {X (¢),7 > tp}. We could also consider the case when the infinitesimal parameters
of the controlled process are not both constants, but at least one is rather a function of
X (¢) and/or t. For instance, we could assume that {X (¢),# > to} is an Ornstein-Uhlenbeck
process, whose infinitesimal mean is given by —Bx for a positive constant f3.
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