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1 Dynamic Programming

Dynamic programming and the principle of optimality. Notation for state-structured models.
An example, with a bang-bang optimal control.

1.1 Control as optimization over time

Optimization is a key tool in modelling. Sometimes it is important to solve a problem
optimally. Other times a near-optimal solution is adequate. Many real life problems
do not have a single criterion by which a solution can be judged. However, even when
an optimal solution is not required it can be useful to explore a problem by following
an optimization approach. If the ‘optimal’ solution is ridiculous then that may suggest
ways in which both modelling and thinking can be refined.

Control theory is concerned with dynamic systems and their optimization over
time. It accounts for the fact that a dynamic system may evolve stochastically and
that key variables may be unknown or imperfectly observed.

The origins of ‘control theory’ can be traced to the wind vane used to face a wind-
mill’s rotor into the wind and the centrifugal governor invented by Jame Watt. Such
‘classic control theory’ is largely concerned with the question of stability, and much of
this is outside this course, e.g., Nyquist criterion and dynamic lags. However, control
theory is not merely concerned with the control of mechanisms. but it can be used to
study a multitude of dynamical systems, in biology, telecommunications, manufactur-
ing, heath services, finance, economics, etc.

1.2 The principle of optimality

A key idea is that optimization over time can often be seen as ‘optimization in stages’.
We trade off cost incurred at the present stage against the implication this has for the
least total cost that can be incurred from all future stages. The best action minimizes
the sum of these two costs. This is known as the principle of optimality.

Definition 1.1 (principle of optimality). From any point on an optimal trajectory, the
remaining trajectory is optimal for the problem initiated at that point.

1.3 Example: the shortest path problem

Consider the ‘stagecoach problem’ in which a traveller wishes to minimize the length
of a journey from town A to town J by first travelling to one of B, C or D and then
onwards to one of E, F or G then onwards to one of H or I and the finally to J. Thus
there are 4 ‘stages’. The arcs are marked with distances between towns.



Road system for stagecoach problem

Solution. Let F/(X) be the minimal distance required to reach J from X. Then clearly,
F(J)=0, F(H) =3 and F(I) = 4.

F(F) = min[6 + F(H),3+ F1)] =7,

and so on. Recursively, we obtain F'(A) = 11 and simultaneously an optimal route, i.e.
A—D—F—I—J (although it is not unique).

Dynamic programming dates from Richard Bellman, who in 1957 wrote the first
book on the subject and gave it its name.

1.4 The optimality equation

The optimality equation in the general case. In a discrete-time model, ¢ takes
integer values, t = 0,1,.... Suppose u; is a control variable whose value is to be
chosen at time ¢. Let U;—1 = (uo,...,us—1) denote the partial sequence of controls (or
decisions) taken over the first ¢ stages. Suppose the cost up to the time horizon h is

C =GUp-1) = G(ug, U1, ..., Up-1).
Then the principle of optimality is expressed in the following theorem.
Theorem 1.2 (The principle of optimality). Define the functions
G(Ut-1,t) = inf G(Up-1).

Ut Ut41,--UR—1
Then these obey the recursion

GUi_1,t) =inf G(U,,t+1) t<h,
Ut

with terminal evaluation G(Up—1,h) = G(Up—1).

The proof is immediate from the definition of G(U;_1,t), i.e.

G(Ui-1,t) = inf { inf Gugy .- up—1, Uy ,utH,...,uhl)}.

Ut Ut41yeesUR—1



The state structured case. The control variable u; is chosen on the basis of knowing
Ui—1 = (uo,...,ut—1), (which determines everything else). But a more economical
representation of the past history is often sufficient. For example, we may not need to
know the entire path that has been followed up to time ¢, but only the place to which
it has taken us. The idea of a state variable z € R? is that its value at ¢, denoted z,
can be found from known quantities and obeys a plant equation (or law of motion)

Tpp1 = alxg, ue, ).

Suppose we wish to minimize a separable cost function of the form

h—1
C= c(xg, ug, t) + Cp(zp), (1.1)
t=0
by choice of controls {uq, ..., un—1}. Define the cost from time ¢ onwards as,
h—1
C; = Z (xr,ur, 7) + Cplzh), (1.2)
T=t
and the minimal cost from time ¢ onwards as an optimization over {uws,...,up—1}

conditional on z; = «x,

F(z,t)= inf C,.

UtyeeosUp—1

Here F'(z,t) is the minimal future cost from time ¢ onward, given that the state is = at
time ¢. By an inductive proof, one can show as in Theorem that

F(z,t) = irif[c(x, u,t) + F(a(z,u,t),t+1)], t<h, (1.3)

with terminal condition F(z,h) = Cp(z). Here z is a generic value of ;. The mini-
mizing u in is the optimal control u(z,t) and values of xy, ..., z;_; are irrelevant.

The optimality equation (|1.3)) is also called the dynamic programming equa-
tion (DP) or Bellman equation.

1.5 Example: optimization of consumption

An investor receives annual income of x; pounds in year t. He consumes u; and adds
x; — uz to his capital, 0 < u; < x;. The capital is invested at interest rate 6 x 100%,
and so his income in year t + 1 increases to

Ti41 = a(xhut) = x¢ + G(xt — ut). (].4)
He desires to maximize total consumption over h years,
h—1 h—1
C=>» c(xg,u,t)+ Cplzn) = Z Ug
t=0 t=0

In the notation we have been using, c¢(zt, us,t) = ug, Cp(x) = 0. This is termed a
time-homogeneous model because neither costs nor dynamics depend on t.



Solution. Since dynamic programming makes its calculations backwards, from the
termination point, it is often advantageous to write things in terms of the ‘time to
go’, s = h —t. Let Fs(z) denote the maximal reward obtainable, starting in state x
when there is time s to go. The dynamic programming equation is
Fs(z) = max [u+ Fs_1(x + 0(x — u))],
0<u<lz
where Fy(z) = 0, (since nothing more can be consumed once time h is reached.) Here,
x and u are generic values for z and u,.
We can substitute backwards and soon guess the form of the solution. First,
F = F 9 — = 0 == .
() = maax u+ Fo(u + 0o~ w)] = max [u+0] =
Next,
F: = F 0(x — = 0z — u)].
»(@) = max [ut Fy(@ + 0z — w)] = max [u-+ 2+ 0@ — )

Since u + = + 0(xz — ) linear in wu, its maximum occurs at v = 0 or u = z, and so
Fy(x) = max|[(1 + 6)z, 2z] = max[l + 0, 2]z = pax.
This motivates the guess Fs_1(z) = ps—12. Trying this, we find

Fy(z) = 01<r13§x[u + ps—1(x 4+ 0(x —w))] = max[(1 + 0)ps—1,1 + ps—1]x = psz.

Thus our guess is verified and Fy(z) = psx, where ps obeys the recursion implicit in
the above, and i.e. ps = ps—1 + max[fps_1, 1]. This gives

| s s < s*
Ps = (1+6)5% s* s>s* 7

where s* is the least integer such that 1+s* < (1+6)s* < s* > 1/0,i.e. s* = [1/0].
The optimal strategy is to invest the whole of the income in years 0,...,h—s* — 1, (to
build up capital) and then consume the whole of the income in years h — s*,... h — 1.

There are several things worth learning from this example.
(i) It is often useful to frame things in terms of time to go, s.

(ii) The dynamic programming equation my look messy. But try working backwards
from Fy(z), which is known. A pattern may emerge from which you can guess
the general solution. You can then prove it correct by induction.

(iii) When the dynamics are linear, the optimal control lies at an extreme point of
the set of feasible controls. This form of policy, which either consumes nothing or
consumes everything, is known as bang-bang control.



2 Markov Decision Problems

Feedback, open-loop, and closed-loop controls. Markov decision processes and problems. Ex-
amples and some useful tricks. Secretary problem.

2.1 Features of the state-structured case

In the state-structured case the DP equation provides the optimal control in what is
called feedback or closed-loop form, with u; = u(z,t). This contrasts with open-
loop formulation in which {ug,...,up—1} are to be chosen all at once at time 0.

To summarise:
(i) The optimal w; is a function only of a; and ¢, i.e. up = u(wy,t).

(ii) The DP equation expresses the optimal w; in closed-loop form. It is optimal
whatever the past control policy may have been.

(iii) The DP equation is a backward recursion in time (from which we get the optimum
at h — 1, then h — 2 and so on.) The later policy is decided first.

‘Life must be lived forward and understood backwards.” (Kierkegaard)

2.2 Markov decision processes

Let X; = (xo,...,x¢) and Uy = (ug,...,us) denote the x and wu histories at time ¢.
Assumption (a), below, defines what is known as a discrete-time Markov decision
process. When we add assumption (b) and seek to minimize C then we have what is
called a Markov decision problem. For both we use the abbreviation MDP.

(a) Markov dynamics. The stochastic version of the plant equation is

P(xig1 | Xe, Up) = P(pg | 2, ).

(b) Separable (or decomposable) cost function. Cost C is given by (L.1)).
For the moment we also require the following:

(¢) Perfect state observation. The current value of the state is always observable. That
is, ¢ is known when choosing u;. So known fully at time ¢ is Wy = (X, Up—1).

Note that C is determined by W},, so we might write C = C(W},).

As previously, the cost from time ¢ onwards is given by (1.2). Denote the minimal
expected cost from time ¢ onwards by

F(Wt) = inf E,T[Ct | Wt],

where 7 denotes a policy, i.e. a rule for choosing the controls ug, ..., up_1.



In general, a policy (or strategy) is a rule for choosing the value of the control
variable under all possible circumstances as a function of the perceived circumstances.
The following theorem is then obvious.

Theorem 2.1. F(W;) is a function of x; and t alone, say F(x¢,t). It obeys the
optimality equation

F(x,t) = in}f {c(zt,us,t) + E[F(xpq1,t+ 1) | 2, ue]}, t <h, (2.1)
t

with terminal condition

F(.’th, h) = Ch((Eh).

Moreover, a minimizing value of ug in (2.1) (which is also only a function x; and t) is
optimal.

Proof. The value of F(W}) is Cp(xy), so the asserted reduction of F' is valid at time
h. Assume it is valid at time ¢ + 1. The DP equation is then

F(Wt) = i;lf{c(xt,ut7t) + E[F(l’t+1,t+ ].) ‘ Xt, Ut]} (22)

But, by assumption (a), the right-hand side of (2.2)) reduces to the right-hand member
of (2.1)). All the assertions then follow. O

2.3 Example: exercising a stock option

The owner of a call option has the option to buy a share at fixed ‘striking price’ p.
The option must be exercised by day h. If she exercises the option on day ¢ and then
immediately sells the share at the current price x;, she can make a profit of z; — p.
Suppose the price sequence obeys the equation x;41 = x; + €, where the ¢; are i.i.d.
random variables for which E|e| < oo. The aim is to exercise the option optimally.

Let Fy(x) be the value function (maximal expected profit) when the share price is
x and there are s days to go. Show that (i) Fs(x) is non-decreasing in s, (ii) Fs(z) —
is non-increasing in x and (iii) Fs(z) is continuous in z. Deduce that the optimal policy
can be characterised as follows.

There exists a non-decreasing sequence {as} such that an optimal policy is to exercise
the option the first time that x > as, where x is the current price and s is the number
of days to go before expiry of the option.

Solution. The state at time ¢ is, strictly speaking, x; plus a variable to indicate whether
the option has been exercised or not. However, it is only the latter case which is of
interest, so x is the effective state variable. As previously, we use time to go, s = h —t.
So letting Fs(z) be the value function (maximal expected profit) with s days to go then

Fy(x) = max{z — p, 0},
and so the dynamic programming equation is

Fy(z) = max{z —p,E[Fs_1(z+¢€)]}, s=1,2,...



Note that the expectation operator comes outside, not inside, Fis_1(+).

It easy to show (i), (ii) and (iii) by induction on s. For example, (i) is obvious, since
increasing s means we have more time over which to exercise the option. However, for
a formal proof

Fi(z) = max{x — p, E[Fy(x + €)]} > max{zx — p,0} = Fy(z).
Now suppose, inductively, that Fs_y > Fs_5. Then
Fy(z) = max{x — p, E[Fs_1(x + €)]} > max{z — p, E[Fs_2(z + €)]} = Fs_1(x),
whence Fy is non-decreasing in s. Similarly, an inductive proof of (ii) follows from

Fs(x) —x = max{—p, E[Fs_1(x + €) — (x + €)] + E(¢)},
————

since the left hand underbraced term inherits the non-increasing character of the right
hand underbraced term. Thus the optimal policy can be characterized as stated. For
from (ii), (iii) and the fact that F(x) > x—p it follows that there exists an a, such that
Fs(z) is greater that x — p if © < as and equals  — p if © > a,. It follows from (i) that
as is non-decreasing in s. The constant as is the smallest « for which Fi(z) =z — p.

2.4 Example: secretary problem

Suppose we are to interview h candidates for a secretarial job. After seeing each
candidate we must either hire or permanently reject her. Candidates are seen in random
order and can be ranked against those seen previously. The aim is to maximize the
probability of choosing the best candidate.

Solution. Let W; be the history of observations up to time ¢, i.e. after we have in-
terviewed the ¢ th candidate. All that matters are the value of ¢ and whether the ¢th
candidate is better than all her predecessors. Let x; = 1 if this is true and z; = 0 if it
is not. In the case x; = 1, the probability she is the best of all h candidates is

P(bestof h)  1/h 1

P(best of h | best of first t) = Plbest of first ) ~ 1/t ~ 7'

Now the fact that the tth candidate is the best of the ¢ candidates seen so far places
no restriction on the relative ranks of the first ¢ — 1 candidates; thus z; = 1 and W;_;
are statistically independent and we have

P(Wt,1 | Tty = 1) 1

Py T@=l=Pa=1)=7

P($t:1|Wt,1): P

Let F(t — 1) be the probability that under an optimal policy we select the best
candidate, given that we have passed over the first ¢ — 1 candidates. Dynamic
programming gives



Fit—1) = @) + L max (t,F(t)> — max (HF(t) 4L F(t))
t t h t h

The first term deals with what happens when the ¢th candidate is not the best so far;

we should certainly pass over her. The second term deals with what happens when she

is the best so far. Now we have a choice: either accept her (and she will turn out to be

best with probability ¢/h), or pass over her.

These imply F(t — 1) > F(t) for all ¢ < h. Therefore, since t/h and F(t) are
respectively increasing and non-increasing in ¢, it must be that for small ¢ we have
F(t) > t/h and for large t we have F(t) < t/h. Let ty be the smallest ¢ such that
F(t) <t/h. Then

Solving the second of these backwards from the point ¢t = h, F'(h) = 0, we obtain

Fit—1) 1 +F(t)_ _ v 1
t—1  h(t—1) t  h(t—1) ht h(h —1)’
whence -
t—1 «— 1
Fit—1)=— =, t>t.
( ) h ‘rg—lT, =

Now ¢ is the smallest integer satisfying F'(tg) < to/h, or equilvalently

h

'
- <.
-

to

3
Il

For large h the sum on the left above is about log(h/tp), so log(h/tp) ~ 1 and we
find tg & h/e. Thus the optimal policy is to interview =~ h/e candidates, but without
selecting any of these, and then select the first candidate thereafter who is the best of
all those seen so far. The probability of success is F/(0) = F(tg) ~ to/h ~ 1/e = 0.3679.
It is surprising that the probability of success is so large for arbitrarily large h.

There are a couple things to learn from this example.

(i) It is often useful to try to establish the fact that terms over which a maximum is
being taken are monotone in opposite directions, as we did with ¢/h and F(t).

(ii) A typical approach is to first determine the form of the solution, then find the
optimal cost (reward) function by backward recursion from the terminal point,
where its value is known.



3 Dynamic Programming over the Infinite Horizon

Cases of discounted, negative and positive dynamic programming. Validity of the optimality
equation over the infinite horizon.

3.1 Discounted costs

For a discount factor, 8 € (0, 1], the discounted-cost criterion is defined as

h—1
C =) Ble(su,t) + B"Ch(zn). (3.1)

t=0
This simplifies things mathematically, particularly for an infinite horizon. If costs
are uniformly bounded, say |c(z,u)| < B, and discounting is strict (8 < 1) then the
infinite horizon cost is bounded by B/(1 — ). In finance, if there is an interest rate of
r% per unit time, then a unit amount of money at time ¢ is worth p = 1 + r/100 at
time ¢ + 1. Equivalently, a unit amount at time ¢ 4+ 1 has present value 5 = 1/p. The
function, F'(z,t), which expresses the minimal present value at time ¢ of expected-cost

from time ¢t up to h is

h—1
F(z,t) =inf E; Z BT e(wr, ur, ) + B Ch(wn)

T=t

Ty = x} . (3.2)

where E, denotes expectation over the future path of the process under policy w. The
DP equation is now

F(xz,t) =inf [c(z,u, t) + BEF (x4yi1,t+1) |z = x,uy = u], t<h, (3.3)

where F'(z,h) = Cp(x).

3.2 Example: job scheduling

A collection of n jobs is to be processed in arbitrary order by a single machine. Job i
has processing time p; and when it completes a reward r; is obtained. Find the order
of processing that maximizes the sum of the discounted rewards.

Solution. Here we take ‘time-to-go k£’ as the point at which the n — kth job has just
been completed and there remains a set of k& uncompleted jobs, say Si. The dynamic
programming equation is
Fk(Sk) = IIEI%X[Tiﬂpi + 5ple_1(Sk — {Z})]
1€Sk
Obviously Fy(#) = 0. Applying the method of dynamic programming we first find
Fy({i}) = r;8Pi. Then, working backwards, we find

Fy({i,j}) = max[r;P + P Pir;, riaP7 4 BPIHPip].
There will be 2™ equations to evaluate, but with perseverance we can determine
F,({1,2,...,n}). However, there is a simpler way.

10



An interchange argument

Suppose jobs are processed in the order iy, ...k, %, J,9%+3, - - - , in. Compare the reward
that is obtained if the order of jobs ¢ and j is reversed: i1,...,0k,J, ¢, k43, --.,in. Lhe
rewards under the two schedules are respectively

R1+/8T+pi,ri+/8T+pi+pjTj +Ry, and R +BT+pjrj +5T+p]+piri+R2’

where T'=p;, +---+pi,, and Ry and Ry are respectively the sum of the rewards due
to the jobs coming before and after jobs i, j; these are the same under both schedules.
The reward of the first schedule is greater if r; 87 /(1 — gP¢) > r;8Pi /(1 — BP7). Hence
a schedule can be optimal only if the jobs are taken in decreasing order of the indices
r; 0P /(1 — BP+). This type of reasoning is known as an interchange argument. The
optimal policy we have obtained is an example of an index policy.

Note these points. (i) An interchange argument can be useful when a system evolves
in stages. Although one might use dynamic programming, an interchange argument, —
when it works —, is usually easier. (ii) The decision points need not be equally spaced
in time. Here they are the times at which jobs complete.

3.3 The infinite-horizon case

In the finite-horizon case the value function is obtained simply from by the back-
ward recursion from the terminal point. However, when the horizon is infinite there is
no terminal point and so the validity of the optimality equation is no longer obvious.

Consider the time-homogeneous Markov case, in which costs and dynamics do not
depend on t, i.e. ¢(z,u,t) = c(x,u). Suppose also that there is no terminal cost, i.e.
Cp(x) = 0. Define the s-horizon cost under policy 7 as

1'0_1"|.

If we take the infimum with respect to m we have the infimal s-horizon cost

s—1

Zﬂtc(xt,ut)

t=0

FS(’/T,.’K) =E;

Fs(z) = inf Fs(m,x).
Clearly, this always exists and satisfies the optimality equation
F,(z) = igf {c(z,u) + BE[Fs_1(x1) | o = z,u0 = u]}, (3.4)

with terminal condition Fy(z) = 0.
Sometimes a nice way to write (4.2)) is as Fy = LFs_; where £ is the operator with
action

Lo(x) = ir&f{c(a:,u) + BE[p(z1) | w0 = z,u0 = ul}.

This operator transforms a scalar function of the state z to another scalar function of x.
Note that £ is a monotone operator, in the sense that if ¢; < ¢o then L1 < Lps.
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The infinite-horizon cost under policy m is also quite naturally defined as

F(m,z) = lim Fs(m,x). (3.5)
S§—00
This limit need not exist (e.g. if 8 =1, x411 = —x; and c(z,u) = z), but it will do so

under any of the following three scenarios.
D (discounted programming): 0< g <1, and |c(z,u)] < B forall z,u.
N (negative programming): 0<p <1, and c(z,u)>0 for all z,u.
P (positive programming): 0<p8<1, and c(z,u) <0 for all z,u.

Notice that the names ‘negative’ and ‘positive’ appear to be the wrong way around
with respect to the sign of ¢(x,u). The names actually come from equivalent problems
of maximizing rewards, like r(z,u) (= —c(z,u)). Maximizing positive rewards (P) is
the same thing as minimizing negative costs. Maximizing negative rewards (N) is the
same thing as minimizing positive costs. In cases N and P we usually take g = 1.

The existence of the limit (possibly infinite) in is assured in cases N and P
by monotone convergence, and in case D because the total cost occurring after the sth
step is bounded by 5*B/(1 — j).

3.4 The optimality equation in the infinite-horizon case

The infimal infinite-horizon cost is defined as

F(z) =inf F(r,z) = inf lim Fy(w,z). (3.6)

T ™ S—00

The following theorem justifies the intuitively obvious optimality equation (i.e. (3.7))).
The theorem is obvious, but its proof is not.

Theorem 3.1. Suppose D, N, or P holds. Then F(x) satisfies the optimality equation
F(z) = ir&f{c(m,u) + BE[F(x1) | zo = x,ug = u)]}. (3.7)

Proof. We first prove that ‘>’ holds in (3.7). Suppose 7 is a policy, which chooses
ug = « when g = z. Then

Fy(m,x) = e(x,u) + BE[Fs_1(m,x1) | 2o = x,up = u). (3.8)

Either D, N or P is sufficient to allow us to takes limits on both sides of (3.8)) and
interchange the order of limit and expectation. In cases N and P this is because of
monotone convergence. Infinity is allowed as a possible limiting value. We obtain

F(m,z) = c(x,u) + BE[F (7, 21) | 2o = x,up = u]
> c(z,u) + BE[F(x1) | xg = x,up = uj
> ir;f{c(a:,u) + BE[F(z1) | zo = z,ug = u]}.

12



Minimizing the left hand side over w gives ‘>’.

To prove ‘<’, fix x and consider a policy 7w that having chosen wug and reached
state 21 then follows a policy m! which is suboptimal by less than e from that point,
ie. F(r!,r1) < F(x1) + e. Note that such a policy must exist, by definition of F,
although 7! will depend on z;. We have

F(z) < F(m,x)

c(x,up) + BE[F(r',z1) | ©0 = 2, u]
(z,up) + BE[F(x1) + € | g = x, ug]
(z,u0) + BE[F (1) | xo = x, ug] + Be.

<c
<c
Minimizing the right hand side over ug and recalling that € is arbitrary gives ‘<’. [

3.5 Example: selling an asset

Once a day a speculator has an opportunity to sell her rare collection of tulip bulbs,
which she may either accept or reject. The potential sale prices are independently and
identically distributed with probability density function g(x), © > 0. Each day there
is a probability 1 — S that the market for tulip bulbs will collapse, making her bulb
collection completely worthless. Find the policy that maximizes her expected return
and express it as the unique root of an equation. Show that if 3 > 1/2, g(x) = 2/23,
x > 1, then she should sell the first time the sale price is at least 1/5/(1 — f3).

Solution. There are only two states, depending on whether she has sold the collection
or not. Let these be 0 and 1, respectively. The optimality equation is

- | °_° maxly, BF(1)] g(y) dy

=P+ [ maxly — 5P),09(0) dy
= sr)+ [ ;m)“’ — BF(1)] gly) dy
Hence o
(1- B)F(1) = / 9 BE )y (3.9)

That this equation has a unique root, F(1) = F*, follows from the fact that left and
right hand sides are increasing and decreasing in F'(1), respectively. Thus she should
sell when she can get at least SF™*. Her maximal reward is F™*.

Consider the case g(y) = 2/y%, y > 1. The left hand side of is less that the
right hand side at F(1) = 1 provided S > 1/2. In this case the root is greater than 1
and we compute it as

(1-P)F(1) =2/BF(1) - BF(1)/[BF(1)]?,

13



and thus F* =1/1/6(1 — ) and SF* = /5/(1 — B).

If 8 < 1/2 she should sell at any price.

Notice that discounting arises in this problem because at each stage there is a
probability 1 — 3 that a ‘catastrophe’ will occur that brings things to a sudden end.
This characterization of a way in which discounting can arise is often quite useful.

What if past offers remain open?

Suppose we change the problem so that past offers remain open. The state is now the
best of the offers received so far, and the optimality equation is

oo

F(@)= | maxly, BF(max(z,))] 9(y) dy
-/ _ ey, BF(@)] ) dy+ [ maxly, 5(0)] () dy

However, the solution is exactly the same as before: sell at the first time an offer
exceeds SF*. Intuitively, this makes sense. If it is optimal to reject an offer then there
is no reason we should wish to retrieve it later.

To prove this fact mathematically, we could consider the policy m which takes the
same actions as does the policy that is optimal when offers do not remain open. Its

value function is
{x, x> BF*

F(zx) =
(=) BF*, x < BF*.

We can then carry through a calculation to show that this functions satisfies the opti-
mality equation, and hence, by Theorem 4.2, it is optimal.

14



4 Positive Programming

Special theory for maximizing positive rewards. There may be no optimal policy. However, if
a given policy has a value function that satisfies the optimality equation then that policy is
optimal. Value iteration algorithm. Clinical trials.

4.1 Example: possible lack of an optimal policy.

Positive programming is about maximizing non-negative rewards, r(x,u) > 0, or mini-
mizing non-positive costs, c¢(z,u) < 0. The following example shows that there may be
no optimal policy.
Example 4.1. Suppose the possible states are 0,1,2,... and in state x we may either
move to state  + 1 and receive no reward, or move to state 0, obtain reward 1 — 1/z,
and then remain in state 0 thereafter, obtaining no further reward. The optimality
equations is

F(z) =max{l —1/z,F(z+1)} z>0.
Clearly F(xz) = 1, > 0, but the policy that chooses the maximizing action in the
optimality equation always moves on to state x + 1 and hence has zero reward. Clearly,
there is no policy that actually achieves a reward of 1.

4.2 Characterization of the optimal policy

The following theorem provides a necessary and sufficient condition for a policy to be
optimal: namely, its value function must satisfy the optimality equation. This theorem
also holds for the case of strict discounting and bounded costs.

Theorem 4.2. Suppose D or P holds and 7 is a policy whose value function F (7, )
satisfies the optimality equation

F(m,z) = sup{r(z,u) + BE[F (7, x1) | ©o = z,up = ul}.
Then 7 is optimal.

Proof. Let 7’ be any policy and suppose it takes us(x) = fi(z). Since F(m,x) satisfies
the optimality equation,

F(m,x) > r(z, fo(z)) + BEL[F(m,21) | 2o = z,up = fo(z)].

By repeated substitution of this into itself, we find
s—1
Z 5tr(l‘t, ug)
t=0
In case P we can drop the final term on the right hand side of (because it is

non-negative) and then let s — oo; in case D we can let s — oo directly, observing that
this term tends to zero. Either way, we have F(w,z) > F(n', x). O

F(m,z) > Eq xo=2x| + B°Ex[F(m,xs) | zo = 2. (4.1)
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4.3 Example: optimal gambling

A gambler has ¢ pounds and wants to increase this to N. At each stage she can bet
any whole number of pounds not exceeding her capital, say j < i. Either she wins,
with probability p, and now has i + j pounds, or she loses, with probability ¢ =1 — p,
and has ¢ — j pounds. Let the state space be {0,1,...,N}. The game stops upon
reaching state 0 or N. The only non-zero reward is 1, upon reaching state N. Suppose
p > 1/2. Prove that the timid strategy, of always betting only 1 pound, maximizes the
probability of the gambler attaining N pounds.

Solution. The optimality equation is
F(i) = max{pF(i + j) + qF (i = j)}-

To show that the timid strategy, say =, is optimal we need to find its value function,
say G(i) = F(m,x), and then show that it is a solution to the optimality equation. We
have G(i) = pG(i + 1) + ¢G(i — 1), with G(0) = 0, G(N) = 1. This recurrence gives

1—(a/p)
G =4 L= ™ P 2
N p=1/2.

If p = 1/2, then G(i) = i/N clearly satisfies the optimality equation. If p > 1/2 we
simply have to verify that

6= =iy - e o[ | o [ ) |

Let W; be the expression inside { } on the right hand side. It is simple calculation to
show that W; 1 < W; for all j > 1. Hence j = 1 maximizes the right hand side.

4.4 Value iteration in case D

An important and practical method of computing F' is successive approximation or
value iteration. Starting with Fy(x) = 0, we successively calculate, for s =1,2,...,

Fi(z) = igf{c(x,u) + BE[Fs_1(x1) | o = 2, u0 = ul}. (4.2)
So F,(x) is the infimal cost over s steps. Now let

Fo(z) = lim Fs(z) = lim inf Fy(m, x). (4.3)

§— 00 S§—00 T

This limit exists (by monotone convergence under N or P, or by the fact that under D
the cost incurred after time s is vanishingly small.) Notice that, given any 7,

Foo(z) = lim inf Fy(m, z) < lim Fy(7,2) = F(7, z).

S—00 T §—00
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Taking the infimum over 7 gives
Fo(z) < F(x). (4.4)
A nice way to write is as Iy, = LFs_1 where £ is the operator with action
Lp(x) = ir&f{c(m,u) + BE[é(x1) | ®o = 2, up = ul}.

This operator transforms a scalar function of the state z to another scalar function of x.
Note that £ is a monotone operator, in the sense that if ¢; < ¢o then Lo < Lops.

The following theorem states that £°(0) = Fy(x) — F(z) as s — oo.
Theorem 4.3. Suppose that D holds. Then lim,_, o Fs(x) = F(x).

Proof. Firstly, the optimal policy is certainly no more costly than a policy that mini-
mizes the expected cost over the first s steps and then behaves arbitrarily thereafter,
incurring an expected cost no more than 8*B/(1 — ). So

F(z) < Fy(x) + B°B/(1 - B).
Secondly, under any policy 7,

F(m,z) = Ex(cost over first s steps) + Er(cost over remaining steps)

> Fy(z) — #°B/(1- B).
It follows that Fs(z) — F(z), uniformly in z. O

To prove the theorem for the N and P cases, we need to add to (4.4) proofs that
Fo(z) > F(x). This is not examinable, but is provided for completeness in §4.6.

4.5 Example: pharmaceutical trials

A doctor has two drugs available to treat a disease. One is well-established drug and is
known to work for a given patient with probability p, independently of its success for
other patients. The new drug is untested and has an unknown probability of success 6,
which the doctor believes to be uniformly distributed over [0, 1]. He treats one patient
per day and must choose which drug to use. Suppose he has observed s successes and f
failures with the new drug. Let F'(s, f) be the maximal expected-discounted number of
future patients who are successfully treated if he chooses between the drugs optimally
from this point onwards. For example, if he uses only the established drug, the expected-
discounted number of patients successfully treated is p + 8p + 8%p + -+ = p/(1 — B).
The posterior distribution of 6 is

(s+f+1)

fO s f)= S !98(1—9)f, 0<6<1,
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and the posterior mean is 0(s, f) = (s +1)/(s + f + 2). The optimality equation is

P s+1 f+1
1_5,m(1+517(5+17f))+m

F(s, f) = max BF(s,f+1)|.
Notice that after the first time that the doctor decides is not optimal to use the new
drug it cannot be optimal for him to return to using it later, since his indformation
about that drug cannot have changed while not using it.

It is not possible to give a closed-form expression for F', but we can can approximate
F using value iteration, finding F' =~ £(0) for large n. An alternative, is the following.

If s+ f is very large, say 300, then 0(s, f) = (s+1)/(s+f+2) is a good approximation
to 0. Thus we can take F(s, f) ~ (1 — )~ max[p, 0(s, f)], s + f = 300 and then work
backwards. For 8 = 0.95, one obtains the following table.

s 0 1 2 3 4 5

7614 .8381 .8736 .8948 .9092 .9197
5601 .6810 .7443 7845 8128 .8340
4334 5621  .6392 .6903 .7281 .7568
3477 4753 5556 6133 .6563  .6899
2877 4094 4898 5493 5957  .6326

B W N~ O\

These numbers are the greatest values of p (the known success probability of the
well-established drug) for which it is worth continuing with at least one more trial of
the new drug. For example, suppose p = 0.6 and 6 trials with the new drug have given
s = f = 3. Then since p = 0.6 < 0.6133 we should treat the next patient with the new
drug. At this point the probability that the new drug will successfully treat the next
patient is 0.5 and so the doctor will actually be treating that patient with the drug
that is least likely to be successful!

Here we see a tension between exploitation and exploration. A myopic policy
seeks only to maximize immediate reward. However, an optimal policy takes account of
the possibility of gaining information that could lead to greater rewards being obtained
later on. Notice that it is worth using the new drug at least once if p < 0.7614, even
though at its first use the new drug will only be successful with probability 0.5. Of
course as the discount factor 8 tends to 0 the optimal policy will looks more and more
like the myopic policy.

The above is an example of a two-armed bandit problem and a foretaste for
Lecture 7 in which we will learn about the multi-armed bandit problem and how
to optimally conduct trials amongst several alternative drugs.
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4.6 *Value iteration in cases N and P¥*

This subsection, and others with headings enclosed as *...*, is not lectured or exam-

inable, but is included for completeness.
For case N we need an additional assumption:

F (finite actions): There are only finitely many possible values of u in each state.
Theorem 4.4. Suppose that P holds, or N and F hold. Then lim,_, o Fs(z) = F(x).
Proof. We have (4.4)), so must prove ‘>’.

In case P, ¢(x,u) <0, so Fy(x) > F(z). Letting s — oo proves the result.
In case N,

Foo(z) = lim min{c(z,u) + E[Fs_1(x1) | xg = x,up = u|}

§—00 u

= min{e(z,u) + lim E[Fs_1(z1) | 20 = z,up = u]}
u §—00

= min{c(z, u) + E[Fw (1) | 2o = 2,u0 = ul}, (4.5)

where the first equality is because the minimum is over a finite number of terms and
the second equality is by Lebesgue monotone convergence, noting that F(x) increases
in s. Let 7 be the policy that chooses the minimizing action on the right hand side of
. Then by substitution of into itself, and the fact that N implies Fi,o > 0,

s—1 s—1
Fo(x)=E, Zc(whut) + Foo(xs) | zo=2| > E; Zc(xt,ut) To = x} .
t= t=0
Letting s — oo gives Fo(z) > F(m,z) > F(x). O

Remark. It is interesting that a D case can always be reduced to a P or N case. To
see this, recall that in the D case, |c(x,u)| < B. Imagine subtracting B > 0 from every
cost. This reduces the infinite-horizon cost under any policy by exactly B/(1 — /), and
any optimal policy is unchanged. All costs are now negative, so we now have a P case.
Similarly, adding B to every cost reduces a D case to an N case.

Thus Theorem implies Theorem
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5 Negative Programming

Special theory for minimizing positive costs. The action that extremizes the right hand side
of the optimality equation is optimal. Stopping problems and their solution.

5.1 Example: a partially observed MDP

Example 5.1. A hidden object moves between two location according to a Markov
chain with probability transition matrix P = (p;;). A search in location ¢ costs ¢;,
and if the object is there it is found with probability «;. The aim is to minimize the
expected cost of finding the object.

This is example of what is called a partially observable Markov decision pro-
cess (POMDP). In a POMDP the decision-maker cannot directly observe the underly-
ing state. Instead, he must maintain a probability distribution over the set of possible
states, based on his observations, and the underlying MDP. This distribution is updated
using the usual Bayesian calculations.

Solution. Let x; be the probability that the object is in location i (where x; x4 = 1).
Value iteration of the dynamic programming equation is via

1—
Fy(zq) = min{cl +(1—ayz)Fs—q (( aq)rip + x2p21) ’

1-— Q121

1—ag)x +z
es + (1 — aaws) Fy_ <( 2)T2P21 1]911) }

1-— (65X )

The arguments of F_;(-) are the posterior probabilities that the object in location 1,
given that we have search location 1 (or 2) and not found it.

Now Fy(z1) =0, Fi(x1) = min{ey, co}, Fo() is the minimum of two linear functions
of 1. If Fs_1 is the minimum of some collection of linear functions of x; it follows that
the same can be said of F;. Thus, by induction, F is a concave function of x;.

By application of our theorem that Fs; — F in the N and F case, we can deduce
that the infinite horizon return function, F', is also a concave function. Notice that in
the optimality equation for F' (obtained by letting s — oo in the equation above), the
left hand term within the min{-,-} varies from ¢; + F(p21) to ¢1 + (1 — 1) F(p11) as 1
goes from 0 to 1. The right hand term varies from co + (1 — a3)F(p21) to ca + F(p11)
as x1 goes from 0 to 1.

Consider the special case of @y = 1 and ¢; = ¢ = ¢. Then the left hand term is the
linear function ¢ + (1 — x1)F(p21). This means we have the picture below, where the
blue and red curves corresponds to the left and right hand terms, and intersect exactly
once since the red curve is concave.

Thus the optimal policy can be characterized as “search location 1 iff the probability

%99

that the object is in location 1 exceeds a threshold x7”.
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c+ F(p21) c+ F(pn)

c+ (1 — a2)F(p21)

The value of x] depends on the parameters, o; and p;;. It is believed that the
answer is of this form for any parameters, but this is still an unproved conjecture.

5.2 Stationary policies

A Markov policy is a policy that specifies the control at time ¢ to be simply a function
of the state and time. In the proof of Theorem we used u; = fi(x;) to specify the
control at time ¢. This is a convenient notation for a Markov policy, and we can write
© = (fo, f1,...) to denote such a policy. If in addition the policy does not depend on
time and is non-randomizing in its choice of action then it is said to be a deterministic
stationary Markov policy, and we write 7 = (f, f,...) = f*°.

For such a policy we might write

Fy(m,z) = c(z, f(z)) + E[Fia(m,21) | 2o = z,ur = f(2)]
or Fy = L(f)Fi4+1, where L(f) is the operator having action

L(f)o(x) = c(z, f(z)) + Elp(x1) | w0 = x,u0 = f(2)].

5.3 Characterization of the optimal policy

Negative programming is about maximizing non-positive rewards, r(z,u) < 0, or min-
imizing non-negative costs, ¢(x,u) > 0. The following theorem gives a necessary and
sufficient condition for a stationary policy to be optimal: namely, it must choose the
optimal u on the right hand side of the optimality equation. Note that in this theorem
we are requiring that the infimum over u is attained as a minimum over u (as would
be the case if we make the finite actions assumptions, F).

Theorem 5.2. Suppose D or N holds. Suppose m = f*° is the stationary Markov policy
such that

flz) = argmgn [c(:c,u) + BE[F(x1) | o = z,ug = u]|.
Then F(mw,z) = F(x), and 7 is optimal.

(i.e. uw = f(x) is the value of u which minimizes the r.h.s. of the DP equation.)
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Proof. By substituting the optimality equation into itself and using the fact that =
specifies the minimizing control at each stage,

F(z) = E, xo=2x| + B°Ex [F(xs)| xo = ] . (5.1)

s—1
> By, uy)
t=0

In case N we can drop the final term on the right hand side of (5.1) (because it is
non-negative) and then let s — oo; in case D we can let s — oo directly, observing that
this term tends to zero. Either way, we have F(x) > F (7, x). O

A corollary is that if assumption F' holds then an optimal policy exists. Neither
Theorem [5.2] or this corollary are true for positive programming (see Example [4.1)).

5.4 Optimal stopping over a finite horizon

One way that the total-expected cost can be finite is if it is possible to enter a state
from which no further costs are incurred. Suppose w has just two possible values:
u = 0 (stop), and u = 1 (continue). Suppose there is a termination state, say 0. It is
entered upon choosing the stopping action, and once entered the system stays in that
state and no further cost is incurred thereafter. Let ¢(x,0) = k(x) (stopping cost) and
c(z,1) = ¢(z) (continuation cost). This defines a stopping problem.

Suppose that Fs(x) denotes the minimum total cost when we are constrained to stop
within the next s steps. This gives a finite-horizon problem with optimality equation

Fi(z) = min{k(x), c(z) + E[Fs—1(z1) | ®o = z,up = 1]}, (5.2)

with Fy(z) = k(x), ¢(0) = 0.
Consider the set of states in which it is at least as good to stop now as to continue
one more step and then stop:

S={z: k(z) <c(x)+ Elk(zx1) | ©o = x,ug = 1)]}.

Clearly, it cannot be optimal to stop if x & S, since in that case it would be strictly
better to continue one more step and then stop. If S is closed then the following
theorem gives us the form of the optimal policies for all finite-horizons.

Theorem 5.3. Suppose S is closed (so that once the state enters S it remains in S.)
Then an optimal policy for all finite horizons is: stop if and only if x € S.

Proof. The proof is by induction. If the horizon is s = 1, then obviously it is optimal
to stop only if z € S. Suppose the theorem is true for a horizon of s — 1. As above, if
x ¢ S then it is better to continue for more one step and stop rather than stop in state
x. If © € S, then the fact that S is closed implies z; € S and so Fs_1(z1) = k(x1). But
then gives Fs(x) = k(x). So we should stop if s € S. O

The optimal policy is known as a one-step look-ahead rule (OSLA rule).
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5.5 Example: optimal parking

A driver is looking for a parking space on the way to his destination. Each parking
space is free with probability p independently of whether other parking spaces are free
or not. The driver cannot observe whether a parking space is free until he reaches it.
If he parks s spaces from the destination, he incurs cost s, s = 0,1,.... If he passes
the destination without having parked then the cost is D.

Show that an optimal policy is to park in the first free space that is no further than
s* from the destination, where s* is the greatest integer s such that (Dp + 1)¢® > 1.

Solution. When the driver is s spaces from the destination it only matters whether
the space is available (z = 1) or full (z = 0). The optimality equation gives

FS(O) = qufl(O) +stfl(1)7

Fy(1) = min {

s (take available space)

qFs—1(0) + pFs_1(1), (ignore available space)

where Fy(0) = D, Fy(1) = 0.

Now we solve the problem using the idea of a OSLA rule. It is better to stop now
(at a distance s from the destination) than to go on and take the next available space
if s is in the stopping set

S={s:s<k(s—1)}

where k(s — 1) is the expected cost if we take the first available space that is s — 1 or
closer. Now
k(s) = ps + qk(s — 1),

with k(0) = ¢gD. The general solution is of the form k(s) = —q/p + s+ cq®. So after
substituting and using the boundary condition at s = 0, we have

1 5
l~c(s)=—q+s—|—(D+)qéﬂ7 s=0,1,....
p p
So

S={s:(Dp+1)¢° > 1}.

This set is closed (since s decreases) and so by Theorem this stopping set describes
the optimal policy.

We might let D be the expected distance that that the driver must walk if he takes
the first available space at the destination or further down the road. In this case,
D =1+4¢D,so D=1/pand s* is the greatest integer such that 2¢* > 1.
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6 Optimal Stopping Problems

More on stopping problems. Bruss’s odds algorithm. Sequential probability ratio test.
Prospecting.

6.1 Bruss’s odds algorithm

A doctor, using a special treatment, codes 1 for a successful treatment, 0 otherwise. He
treats a sequence of n patients and wants to minimize any suffering, while achieving
a success with every patient for whom that is possible. Stopping on the last 1 would
achieve this objective, so he wishes to maximize the probability of this.

Solution. Suppose X}, is the code of the kth patient. Assume X7, ..., X,, are indepen-
dent with pr, = P(Xy = 1). Let ¢ = 1—py, and ry = pi/qr. Bruss’s odds algorithm
sums the odds from the sth event to the last event (the nth)

Ri=rs+---+r,

and finds the greatest integer s, say s*, for which Ry > 1. We claim that by stopping the
first time that code 1 occurs amongst patients {s*, s*+1,...,n}, the doctor maximizes
probability of stopping on the last patient who can be successfully treated.

To prove this claim we just check optimality of a OSLA-rule. The stopping set is

S={i:qiv1 @ > (Pit19i+2%i+3 - qn) + (Gir1Piv29i43 " qn)
4+ 4 (Gt 19i42Gi+3 - o) }
={i:1>rq1+rig2+-+ra}
={s*",s"+1,...,n}.
Clearly the stopping set is closed, so the OSLA-rule is optimal. The probability of

stopping on the last 1 is (gs« - - - qn)(rs+ + - - - + 1) and, by solving a little optimization
problem, we can see that this is always > 1/e = 0.368, provided Ry > 1.

We can use the odds algorithm to re-solve the secretary problem. Code 1 when a
candidate is better than all who have been seen previously. Our aim is to stop on the
last candidate coded 1. We proved previously that Xi,..., X} are independent and
P(X;=1)=1/t. Sor; =(1/t)/(1 —1/t) =1/(t — 1). The algorithm tells us to ignore
the first s* — 1 candidates and the hire the first who is better than all we have seen
previously, where s* is the greatest integer s for which

11 1
tott——2>1

s—1 s h—17—

theleastsforwhichl—i—u'—i—i§1 .
s h—1

6.2 Example: stopping a random walk

Suppose the state space is {0, ..., N}. In state 2; we may stop and take positive reward
r(x¢), or we may continue, in which case x;11 is obtained by a step of a symmetric
random walk. However, in states 0 and N we must stop. We wish to maximize Er(xr).
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Solution. This is an example in which a OSLA rule is not optimal. The dynamic
programming equation is
F(z) =max {r(z),iF(z — 1)+ iF(z+1)}, 0<z <N,

with F(0) = 7(0), F(N) = r(N). We see that

(i) F(z) > iF(z — 1)+ 1 F(x + 1), so F(z) is concave.

(ii) Also F(z) > r(x).
A function with properties (i) and (ii) is called a concave majorant of r. In fact, F'
can be characterized as the smallest concave majorant of . For suppose that G is any

other concave majorant of r. Starting with Fy(xz) = 0, we have G > Fy. So we can
prove by induction that

Fy(z) =max {r(z), 3 Fs_1(z — 1)+ $ Fs_1(z — 1)}
< max {r(z), G(x — 1) + 1G(z + 1)}
< max {r(z), G(x)}
= G(x).
Theorem for case P tells us that Fs(x) — F(z) as s — oo. Hence F < G.
The optimal rule is to stop iff F(z) = r(x).

6.3 Optimal stopping over the infinite horizon

Consider now a stopping problem over the infinite-horizon with k(z) and c¢(z) defined
as previously. Let Fg(x) be the infimal expected cost given that we are required to stop
by the sth step. Let F(x) be the infimal expected cost when all that is required is that
we stop eventually. Since less cost can be incurred if we are allowed more time in which
to stop, we have

Fi(z) > Fsy1(z) > F(x).

Thus by monotone convergence Fi(x) tends to a limit, say Fuo(z), and Fo(z) > F(x).

Example 6.1. Consider the problem of stopping a symmetric random walk on the
integers, where ¢(z) = 0, k(z) = exp(—2z). Inductively, we find that Fs(z) = exp(—x).
This is because e~ is a convex function. However, since the random walk is recurrent,
we may wait until reaching as large an integer as we like before stopping; hence F'(z) =
0. Thus Fs(x) 4 F(x). We see two things:

(i) It is possible that Fo, > F.

(ii) Theorem does not hold for negative programming. The policy of stopping
immediately, say m, has F'(7,z) = e~*, and this satisfies the optimality equation

F(z)=max{e " iF(z-1)+iF(z+1)}.

But 7 is not optimal.
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Remark. The above example does not contradict Theorem which said F, = F,
because for that theorem we assumed Fy(z) = k(z) = 0 and F,(x) was the infimal cost
possible over s steps, and thus Fs < F,11 (in the N case). Example differs because
k(x) > 0 and Fy(z) is the infimal cost amongst the set of policies that are required to
stop within s steps. Now Fy(z) > Fsi1(x).

The following lemma gives conditions under which the infimal finite-horizon cost
does converge to the infimal infinite-horizon cost.
Lemma 6.2. Suppose all costs are bounded as follows.

(a) K = sup k(z) < o0 (b) C = igfc(x) > 0. (6.1)

Then Fs(x) — F(z) as s — co.

Proof. Suppose 7 is an optimal policy for the infinite horizon problem and stops at the
random time 7. Clearly (s + 1)CP(r > s) < K, otherwise it would be optimal to stop
immediately. In the s-horizon problem we could follow 7, but stop at time s if 7 > s.
This implies

K2
(s+1)C’
By letting s — oo, we have Fi(z) = F(z). O

F(z) < Fy(x) < F(z)+ KP(t > s) < F(z) +

Theorem 6.3. Suppose S is closed and (6.1)) holds. Then an optimal policy for the
infinite horizon is: stop if and only if x € S.

Proof. As usual, it is not optimal to stop if z ¢ S. If € S, then by Theorem [5.3]
Fy(z) =k(z), z€b.
Lemma [6.2] gives F(z) = lim,_,oc Fs(2) = k(x), and so it is optimal to stop. O

6.4 Example: sequential probability ratio test

From i.i.d. observations drawn from a distribution with density f, a statistician wishes
to decide between two hypotheses, Hy : f = fo and Hy : f = f1 Ex ante he believes the
probability that H; is true is p;, where pg + p;1 = 1. Suppose that he has the sample
x = (x1,...,2,). The posterior probabilities are in the likelihood ratio

_ P(f=filwz,...,z,) _ fl(xl)"'fl(xn)lﬂ _ fl(xn)g
CP(f=folwy, .o mn)  fo(z) - folen)po  fo(zn) e

Suppose it costs v to make an observation. Stopping and declaring H; true results in
a cost ¢; if wrong. This leads to the optimality equation for minimizing expected cost

IR O
1+0 1 10

én

F{) = min{co

1

ot 1%@ / F(LAHW)/ o) fiw)dy + 1

F(ffl(y)/fo(y))fo(y)dy}
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Taking H(¢) = (1 + £)F(£), the optimality equation can be rewritten as

H(() = min{coﬁ, c1, (140 + /H(ﬁfl(y)/fo(y))fo(y)dy}.

We have a very similar problem to that of searching for a moving object. The state is
£,,. We can stop (in two ways) or continue by paying for another observation, in which
case the state makes a random jump to £,1 = £, f1(x)/fo(x), where z is a sample
from fy. We can show that H(-) is concave in ¢, and that therefore the optimal policy
can be described by two numbers, af < ai*: If £, < afj, stop and declare Hy true; If
L, > ai, stop and declare Hy true; otherwise take another observation.

6.5 Example: prospecting

We are considering mining in location i where the return will be R; per day. We do
not know R;, but believe it is distributed UJ0,4]. The first day of mining incurs a
prospecting cost of ¢;, after which we will know R;. What is the greatest daily g that
we would be prepared to pay to mine in location 47 Call this G;. Assume we may
abandon mining whenever we like.

Gi=sup|g:0< —¢; —g+ E[R;]] + %Emax{O,Ri —g}
For 3 =0.9,7=1, and ¢; = 1 this gives G; = 0.5232.
Now suppose that there is also a second location we might prospect, « = 2. We
think its reward, Rs, is ex ante distributed U|0, 2]. For ¢ = 3 this gives Gy = 0.8705.

Suppose the true cost of mining in either location is g = 0.5 per day. Since G4 >
GG1 > g we might conjecture the following is optimal.
e Prospect location 2 and learn Rs.
If Ry > Gy = 0.5232 stop and mine there ever after.

o Otherwise

— Prospect location 1. Now having learned both of Ry, R2, we mine in the best
location if max{Ry, Rz} > g = 0.5.

— Otherwise abandon mining.

This is a conjecture. That it is optimal follows from the Gittins index theorem.
Notice that also,

g B
Gi —=sup|g: m < —c; + E[Rz] + mEmax {g7Rl} .
This provides another interpretation of G;, as the greatest daily return of an existing
mine for which we would be willing to prospect in the new mine 4, switching back to
the old mine if R; turns out to be less than Gj;.
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7 Bandit Processes and the Gittins Index

The multi-armed bandit problem. Bandit processes. Gittins index theorem.

7.1 Index policies

Recall the single machine scheduling example in §3.2] in which n jobs are to be

processed successively on one machine. Job ¢ has a known processing time ¢;, assumed
to be a positive integer. On completion of job i a positive reward r; is obtained. We
used an interchange argument to show that total discounted reward obtained from the
n jobs is maximized by the index policy of always processing the uncompleted job of
greatest index, computed as 7;8% (1 — 8)/(1 — Bt).

Notice that if we were to interrupt the processing a job before it is finished, so as
to carry out some processing on a different job, this would be against the advice of the
index policy. For the index, r;8% (1 — 3)/(1 — %), increases as t; decreases.

7.2 Bandit processes and the multi-armed bandit problem

A bandit process is a special type of Markov decision process in which there are just
two possible actions: u = 0 (freeze) or v = 1 (continue). The control u = 0 produces
no reward and the state does not change (hence the term ‘freeze’). Under v = 1 there
is reward r(z;) and the state changes, to z;y1, according to the Markov dynamics
P(xt_H | T, Ut = 1).

A simple family of alternative bandit processes (SFABP) is a collection of n
such bandit processes.

Given a SFABP, the multi-armed bandit problem (MABP) is to maximize the
expected total discounted reward obtained over an infinite number of steps. At each
step, t = 0,1,..., exactly one of the bandit processes is to be continued. The others
are frozen.

Let z(t) = (z1(t),...,2n(t)) be the states of the n bandits. Let i; denote the bandit
process that is continued at time ¢ under some policy 7. In the language of Markov
decision problems, we wish to find the value function:

Z Tiy (xit (t))ﬁt

t=0

F(z)=supFE

K

x(0) = x] )

where the supremum is taken over all policies 7 that are realizable (or non-anticipatory),
in the sense that i; depends only on the problem data and x(t), not on any information
which only becomes known only after time ¢.

This provide a very rich modelling framework. With it we can model questions like:

e Which of n drugs should we give to the next patient?
e Which of n jobs should we work on next?

e When of n oil fields should we explore next?
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We have an infinite-horizon discounted-reward Markov decision problem. It has a
deterministic stationary Markov optimal policy. The optimality equation is

F(J:):Hmax +BZP i, ) F (21, o i1, Yy Tt 1y ooy ) p - (7.1)
:i€{l,....,n =y

7.3 The two-armed bandit

Consider a MABP with just two bandits. Bandit By always pays A, and bandit Bs is
of general type. The optimality equation, when Bs is in its state z, is

F(z) = max {1:8’ r(z) + ﬁZP(x,y)F(y)}

A .A
:max{lﬂ EQ%E Zﬁt _|_ﬂ B‘x(O):x]}

The left hand choice within max{-,-} corresponds to continuing B;. The right hand
choice corresponds to continuing B for at least one step and then switching to By a
some later step, 7. Notice that once we switch to By we will never wish switch back to
B> because information remains the same as when we first switched from By to Bj.

We are to choose the stopping time 7 optimally. Because the two terms within
the max{-,-} are both increasing in A, and are linear and convex, respectively, there is
a unique A, say \*, for which they are equal.

Zﬁt )+ 87 iﬁ ‘x(O) :x]} (7.2)

Of course this A depends on z(0). We denote its value as G(x). After a little algebra
we have the definition

A
A" —sup{)\ —— <supF
17 >0

o) — o [X12 Br(at) | #(0) = ]
e ili% E [ZZ:_OI Bt ‘ z(0) = 33} .

G(x) is called the Gittins index (of state z), named after its originator, John Gittins.
The definition above is by a calibration, the idea being that we find a By paying a
constant reward A, such that we are indifferent as to which bandit to continue next.

In can be easily shown that 7 = min{t : G;(z;(t)) < G;(x;(0)), 7 > 0}, that is, 7 is
the first time By is in a state where its Gittins index is no greater than it was initially.

In we see that the Gittins index is the maximal possible quotient of ‘expected
total discounted reward over T steps’, divided by ‘expected total discounted time over
T steps’, where 7 is at least 1 step. The Gittins index can be computed for all states
of B; as a function only of the data r;(-) and P;(-, -). That is, it can be computed
without knowing anything about the other bandit processes.

(7.3)
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7.4 Gittins index theorem

Remarkably, the problem posed by a SFABP (or a MABP) can be solved by an index
policy. That is, we can compute a number (called an index), separately for each bandit
process, such that the optimal policy is always to continue the bandit process having
the currently greatest index.

Theorem 7.1 (Gittins Index Theorem). The problem posed by a SFABP, as setup
above, is solved by always continuing the process having the greatest Gittins index.

The Index Theorem is due to Gittins and Jones, who obtained it in 1970, and
presented it in 1972. The solution is surprising and beautiful. Peter Whittle describes
a colleague of high repute, asking another colleague ‘ What would you say if you were
told that the multi-armed bandit problem had been solved?’ The reply was ‘Sir, the
multi-armed bandit problem is not of such a nature that it can be solved’.

The optimal stopping time 7 in isT =min{t : G;(z;(t)) < G;(z;(0)), 7 > 0},
that is, 7 is the first time at which the process reaches a state whose Gittins index is
no greater than Gittins index at x;(0).

In the single machine scheduling example of the optimal stopping time on
the right hand side of is 7 = t;, the numerator is r; 3% and the denominator is
1+ B8+ 4Bt =(1-p8%)/(1—p). Thus, G; = r;3%(1 — 8)/(1 — B%). Note that
Gi — ’I”i/ti as ﬁ — 1.

7.5 *Proof of the Gittins index theorem*

Various proofs have been given of the index theorem, all of which are useful in developing
insight about this remarkable result. The following one is due to Weber (1992).

Proof of Theorem [7.1 We start by considering a problem in which only bandit process
B, is available. Let us define the fair charge, ~;(z;), as the maximum amount that an
agent would be willing to pay per step if he must continue B; for one more step, and
then stop whenever he likes thereafter. This is

vi(z;) = sup {)\ :0<supkE
>0

S B (Ti(xi(t)) - )\) ‘ x;(0) = xi] } . (7.4)

Notice that and are equivalent and so v;(z;) = G;(«;). Notice also that the
time 7 will be the first time that G;(x;(7)) < G;(z;(0)).

We next define the prevailing charge for B; at time ¢ as g;(t) = mins<; v;(z;(s)).
So g;(t) actually depends on z;(0),...,z;(t) (which we omit from its argument for
convenience). Note that g¢;(¢) is a nonincreasing function of ¢ and its value depends
only on the states through which bandit ¢ evolves. The proof of the Index Theorem is
completed by verifying the following facts, each of which is almost obvious.
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(i) Suppose that in the problem with n available bandit processes, B, ..., By, the
agent not only collects rewards, but also pays the prevailing charge of whatever
bandit that he chooses to continue at each step. Then he cannot do better than
just break even (i.e. expected value of rewards minus prevailing charges is 0).

This is because he could only make a strictly positive profit (in expected value) if
this were to happens for at least one bandit. Yet the prevailing charge has been
defined in such a way that he can only just break even.

(ii) If he always continues the bandit of greatest prevailing charge then he will inter-
leave the n nonincreasing sequences of prevailing charges into a single nonincreas-
ing sequence of prevailing charges and so maximize their discounted sum.

(iil) Using this strategy he also just breaks even; so this strategy, (of always continuing
the bandit with the greatest g;(x;)), must also maximize the expected discounted
sum of the rewards can be obtained from this SFABP. O

7.6 Example: Weitzman’s problem

‘Pandora’ has n boxes, each of which contains an unknown prize. Fz ante the prize in
box i has a value with probability distribution function F;. She can learn the value of
the prize by opening box 4, which costs her ¢; to do. At any stage she may stop and
take as her reward the maximum of the prizes she has found. She wishes to maximize
the expected value of the prize she takes, minus the costs of opening boxes.

Solution. This problem is similar to ‘prospecting’ problem in It can be modelled
in terms of a SFABP. Box i is associated with a bandit process B;, which starts in
state 0. The first time it is continued there is a cost ¢;, and the state becomes z;,
chosen by the distribution F;. At all subsequent times that it is continued the reward
is r(z;) = (1 — pB)=z;, and the state remains z;. Suppose we wish to maximize the
expected value of

T

— Zﬁt_lcit + max{r(x;,),...,r(z;.)} Z B
t=1 t=1
= Z B e, + BT max{w;,, ...,z }.
t=1

The Gittins index of an opened box is 7(x;)/(1— ) = x;. The index of an unopened
box ¢ is the solution to

Gi _ ., B el
5 —c; + _ﬂEmax{r(xl),Gz}.

Pandora’s optimal strategy is thus: Open boxes in decreasing order of G; until first
reaching a point that a revealed prize is greater than all G; of unopened boxes.
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The undiscounted case In the limit as  — 1 this objective corresponds to that of
Weitzman’s problem, namely,

-
— Zcit + max{x;,...,T;_ }

t=1
By setting g; = G/(1 — ), and letting 8 — 1, we get an index that is the solution
of g = —¢; + Emax{z;, g;}.
For example, if F; is a two point distribution with z; = 0 or x; = r;, with probabil-
ities 1 — p; and p;, then g; = —¢; + (1 — p;)gi + piri = g;i = ri — ¢ /D
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8 Average-cost Programming

The average-cost optimality equation. Policy improvement algorithm.

8.1 Average-cost optimality equation

Suppose that for a stationary Markov policy 7, the following limit exists:

t—1
)‘(7(7‘%‘) = liglo ;Eﬂ ZC(Z‘T,UT) To = l‘] .
7=0

Plausibly, there is a well-defined optimal average-cost, \(z) = inf; A(m,z), and we
expect A(z) = A should not depend on z. A reasonable guess is that

Fy(z) = sA+ ¢(x) + €(s, ),

where €(s,2) — 0 as s — oo. Here ¢(z) + €(s, x) reflects a transient that is due to the
initial state. Suppose that in each state the action space is finite. From the optimality
equation for the finite horizon problem we have

Fy(x) = m&n{c(m,u) + E[Fs_1(x1) | zo = x,ug = ul}. (8.1)
So by substituting Fi(z) ~ s\ + ¢(z) into (8.1)), we obtain
A+ 9(x) ~ min{e(z,u) + E[(s — DA+ @(a1) | 20 = 2, uo = u])
which suggests that the average-cost optimality equation should be:
A+ p(x) = Hgn{c(m, u) + E[p(x1) | zo = x,uo = ul}. (8.2)

Theorem 8.1. Suppose there exists a constant A\ and bounded function ¢ satisfying
(8.2). Let w be the policy which in each state x chooses u to minimize the right hand
side. Then X\ is the minimal average-cost and 7 is the optimal stationary policy.

The proof follows by application of the following two lemmas.
Lemma 8.2. Suppose the ezists a constant A and bounded function ¢ such that
A+ ¢(x) < c(z,u) + Elp(x1) | ©o = z,u0 = u|  for all z,u. (8.3)
Then X < inf; A(m,x).
Proof. Let m be any policy. By repeated substitution of into itself,

t—1
o(z) < —tA+ E, Zc(wT,uT) xo =x| + Ex[d(xr) | ®o = ). (8.4)
7=0
Divide by t, let ¢ — oo, and then take the infimum over 7. O
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Lemma 8.3. Suppose the exists a constant A and bounded function ¢ such that for
each x there exists some u = f(x) such that

A+ o(x) = c(x,u) + Elp(z1) | w0 = 7,u0 = f(2)]. (8.5)
Let m = f*°. Then A\ > X(m,z) > inf; A(m, ).

Proof. Repeated substitution of (8.5 into itself gives (8.4) but with the inequality
reversed. Divide by ¢ and let ¢ — co. This gives A > A\(m, z) > inf,; A(7, ). O

So an optimal average-cost policy can be found by looking for a bounded solution
to (82). Notice that if ¢ is a solution of (8.2) then so is ¢+(a constant), because the (a
constant) will cancel from both sides of (8.2). Thus ¢ is undetermined up to an additive
constant. In searching for a solution to (8.2) we can therefore pick any state, say z,
and arbitrarily take ¢(Z) = 0. We can do this in whatever way is most convenient. The
function ¢ is called the relative value function.

8.2 Example: admission control at a queue

Each day a consultant is has the opportunity to take on a new job. The jobs are
independently distributed over n possible types and on a given day the offered type is 7
with probability a;, i = 1,...,n. A job of type i pays R; upon completion. Once he has
accepted a job he may accept no other job until the job is complete. The probability a
job of type i takes k days is (1 — p;)*"'p;, k =1,2,.... Which jobs should he accept?

Solution. Let 0 and 7 denote the states in which he is free to accept a job, and in

which he is engaged upon a job of type i, respectively. Then (8.2)) is

A+ 6(0) = a;max[p(0), ¢(4)],
=1

A+ ¢(i) = (1= pi)g(i) +pilRi + 6(0)], i=1,....n.
Taking ¢(0) = 0, these have solution ¢(i) = R; — \/p;, and hence
A= Zai max|[0, R; — \/pi].
i=1

The left hand side increases in A and the right hand side decreases in A. Equality holds
for some \*, which is the maximal average-reward. The optimal policy is: accept only
jobs for which p;R; > \*.

34



8.3 Value iteration bounds

For the rest of this lecture we suppose the state space is finite and there are only finitely
many actions in each state.

Theorem 8.4. Define
ms = mwin{FS(a:) - Fi_1(2)}, M = mjx{Fs(x) — Fs_1(2)}. (8.6)
Then ms < A < Mg, where X is the minimal average-cost.
Proof. For any x, u,
Fyr(2) +my < Fyor(2) + [Fo(@) = Fooa(a)] = Fu(@)
= Fs_1(x) + ms < c(z,u) + E[Fs_1(x1) | 0 = 2, u0 = ul.

Now apply Lemma 8.2 with ¢ = Fs_1, A = mg.
Similarly, for each z there is a u = fs(x), such that

Fo_1(x) + M > Fo_1(2) + [Fs(z) — Fo_1(2)] = Fy(x)
= Fs_1(x) + Ms > c(x,u) + E[Fs_1(x1) | 20 = 2, up = u].
Now apply Lemma 8.3 with ¢ = Fs_1, A = M. O
This justifies a value iteration algorithm: Calculate F,; until My, —mg < emg. At
this point the stationary policy f° has average-cost that is within e x 100% of optimal.
8.4 Policy improvement algorithm

In the average-cost case a policy improvement algorithm is be based on the follow-
ing observations. Suppose that for a policy my = f°°, we have that A, ¢ solve

A+ d(z) = c(z, f(20)) + Elp(21) [ 20 = 2,u0 = f(20)]-

Then A is the average-cost of policy .
Now suppose there exists a policy m = f{° such that

A+ ¢(x) > e(, fi(wo)) + Elp(x1) | 2o = 2, u0 = fi1(0)], (8.7)

for all x, and with strict inequality for some = (and thus f; # f). Then just as in the
proof of Lemma 8.3, we find

t—1
o1
A> tllglo ;Em Z%C(xﬁur) Lo = I‘| . (8.8)

In fact, if the Markov chain induced by m; is irreducible the inequality above will be
strict and m; will be strictly better than 7. If there is no such m; then 7 satisfies (8.2))
and so 7 is optimal. This justifies the following policy improvement algorithm
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(0) Choose an arbitrary stationary policy my. Set s = 1.
(1) For stationary policy ms—1 = f°; determine ¢, A to solve
A+ d(z) = c(z, fs-1(x)) + Elp(z1) | 20 = 2, u0 = fo—1(2)].
This gives a set of linear equations, and so is intrinsically easier to solve than (8.2).

The average-cost of ms_1 is A.
(2) Now determine the policy w5 = f° from

fs(z) = arg mgn{c(x,u) + Elp(x1) | xo = x,up = u]},

taking fs(z) = fs—1(x) whenever this is possible. If 7, = w41 then we have a solution

to (8.2) and so ms_1 is optimal. Otherwise 7, is a new policy. By the calculation in
8.8) this has an average-cost no more than A, so 7, is at least as good as ms;_1, We

now return to step (1) with s := s+ 1.

If state and action spaces are finite then there are only a finite number of possible
stationary policies and so the policy improvement algorithm must find an optimal
stationary policy in finitely many iterations. By contrast, the value iteration algorithm
only obtains increasingly accurate approximations of the minimal average cost.

Example 8.5. Consider again the example of Let us start with a policy m¢ which
accept only jobs of type 1. The average-cost of this policy can be found by solving

A+ 6(0) = ar¢(1 +Za2¢

/\+¢(Z):(1_pi)¢(l)+pi[Ri+¢(o)]v i=1,...,n

The solution is A = a1p1R1/(a1 + p1), ¢(0) = 0, ¢(1) = p1R1/(a1 + p1), and ¢(i) =
R; — \/p;, i > 2. The first use of step (1) of the policy improvement algorithm will
create a new policy 71, which improves on 7y, by accepting jobs for which ¢(i) =

max{¢(0), #(i)}, i.e. for which ¢(i) = R; — A/p; > 0 = ¢(0).
If there are no such i then g is optimal. So we may conclude that 7y is optimal if
and only if p;R; < a1p1Ry1/(a1 + p1) for all ¢ > 2.

Policy improvement in the discounted-cost case.

In the case of strict discounting the policy improvement algorithm is similar:
(0) Choose an arbitrary stationary policy mg. Set s = 1.
(1) For stationary policy ms—1 = f; determine G to solve

G(7) = c(w, fs—1(z)) + BE[G(x1) | w0 = 7, u0 = fs-1(z)].
(2) Now determine the policy w5 = f2° from
fs(z) = arg muin{c(x,u) + BE[G(x1) | ©o = x,ug = u]},

taking fs(z) = fs—1(x) whenever this is possible. Stop if f; = fs;_1. Otherwise return
to step (1) with s:= s+ 1.
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9 Continuous-time Markov Decision Processes

Control problems in a continuous-time stochastic setting. Markov jump processes when the
state space is discrete. Uniformization.

9.1 *Stochastic scheduling on parallel machines*

A collection of n jobs is to be processed on a single machine. They have processing
times X1,...,X,, which are ex ante distributed as independent exponential random
variables, X; ~ &()\;) and EX; = 1/);, where A\q,...,\, are known.

If jobs are processed in order 1,2,...,n, they finish in expected time 1/A\; + --- +
1/An. So the order of processing does not matter.

But now suppose there are m (2 < m < n) identical machines working in parallel.
Let C; be the completion time of job i.

e max; C; is called the makespan (the time when all jobs are complete).
e > . C; is called the flow time (sum of completion times).

Suppose we wish to minimize the expected makespan. We can find the optimal
order of processing by stochastic dynamic programming. But now we are in continuous
time, ¢ > 0. So we need the important facts:

(1) min(Xs, X;) ~ EQ + A (i) POXG < X | min(X, X,) = 8) = A/(h + Ay):
Suppose m = 2. The optimality equations are
1
F{i}) = —
(O

F((1.3) = 5 1+ MFUD) + AP ()]

F(S)=m

; ) i . J
z‘,jg}s* Y 14+ XNF(S") + A\ F(S7)],

where S is a set of uncompleted jobs, and we use the abbreviated notation S* = S\ {i}.
It is helpful to rewrite the optimality equation. Let A = >, A;. Then

F(S

~

1 . .
= 1 — . 7 . j
min o |1+ AF(SY) + A F(87) + k; j AeF(S)

u; €[0,1],i€ S,

= min 41+ AFS) + Y w(F(S) — F(S))
Do ui<2 ¢

This is helpful, because in all equations there is now the same divisor, A. An event
occurs after a time that is exponentially distributed with parameter A, but with proba-
bility Ax/A this is a ‘dummy event’ if k # ¢, j. This trick is known as uniformization.
Having set this up we might also then say let A = 1.
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We see that it is optimal to start by processing the two jobs in S for which §;(S) :=
Ni(F(S%) — F(S)) is least.

The policy of always processing the m jobs of smallest [largest] \; is called the
Lowest [Highest] Hazard Rate first policy, and denoted LHR [HHR).

Theorem 9.1.
(a) Expected makespan is minimized by LHR.

(b) Expected flow time is minimized by HHR.
(¢) E[Cn—m+1)] (expected time there is first an idle machine) is minimized by LHR.

Proof. (*starred*) We prove only (a), and for ease assume m = 2 and A\; < -+ < Ay,
We would like to prove that for all 4,5 € S C {1,...,n},

i <j <= §;(5) <;(S) (except possibly if both ¢ and j (9.1)
are the jobs that would be processed by the optimal policy). '

Truth of would imply that jobs should be started in the order 1,2,...,n.

Let m be LHR. Take an induction hypothesis that is true and that F(S) =
F(m,S) when S is a strict subset of {1,...,n}. Now consider S = {1,...,n}. We
examine F(m,S), and §;(m, S), under 7. Let S* denote S\ {k}. For i > 3,

_ 1 1 2
F(T(,S) = )\1 +)\2[1+>\1F(S )+>\2F(S )}
i\ ; 17 21
P §) = 5y [ (%) 4 D (%)
e Gi(mS) = —— (S + Adi(S?)], P> 3. 9.2)
A1+ A

Suppose 3 < i < j. The inductive hypotheses that 6;(S') < 6;(S') and §;(S?) < §;(5?)
imply 6;(m, S) < 6;(m, S).

Similarly, we can compute d1(7, .S).

1

F =— N F(S? F(S?) + M\3F
(m, ) AlJFAQJFAB[ + M F(SY) + A F(S7) + A3 F (7, 5)]
F(r, 8" = ;[1 + M F(SY) + X F(S'?) 4+ A3 F(S')]
’ A+ A2+ A3
_ 2 1
— 51(7(75) - )\1+>\2+)\3 [/\251(5 )+)‘361(7775)+A163(S )]
_ 1 1 2
BBV [A163(S%) + A201(S7)]. (9.3)

Using (9.2)), (9.3) and using our inductive hypothesis, we deduce d;(m, S) < é;(m,S). A
similar calculation may be done for dz (7, S).

38



This completes a step of an inductive proof by showing that (9.1)) is true for S,
and that F'(S) = F(m,S). We only need to check the base of the induction. This is
provided by the simple calculation

— )\2
S VW

The proof of (b) is very similar, except that the inequality in should be reversed.
The base of the induction comes from 4, ({1,2}) = —1.

The proof of (c) is also similar. The base of the induction is provided by 61 ({1,2}) =
A1(0 = 1/(A1 + Az)). Since we are seeking to maximize EC(,,_,+1) we should process
jobs for which §; is greatest, i.e., least A;. The problem in (c) is known as the Lady’s
nylon stocking problem. We think of a lady (having m = 2 legs) who starts with n
stockings, wears two at a time, each of which may fail, and she wishes to maximize the
expected time until she has only one good stocking left to wear.

< 62({1,2}). O

9.2 Controlled Markov jump processes

The above example illustrates the idea of a controlled Markov jump process. It
evolves in continuous time, and in a discrete state space. In general:

e The state is i. We choose some control, say v (u € A(i), a set of available
controls).

e After a time that is exponentially distributed with parameter ¢;(u) = > i Qi (u),
(i.e. having mean 1/g;(u)), the state jumps.

e Until the jump occurs cost accrues at rate c(i, u).
e The jump is to state j (3 ) with probability g;;(u)/q;(u).

The infinite-horizon optimality equation is

Suppose ¢;(u) < B for all 4, u and use the uniformization trick,

F(i) = min { i) + (B = ) F) + 305070

We now have something that looks exactly like a discrete-time optimality equation
F(i) — i (i, (W F(j
(4) nin c(i, u) + zj:p i(WF ()
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where ¢(i,u) = c(i,u)/B, pi;(u) = ¢;j(u)/B, j # i, and p;;(u) =1 — ¢;(u)/B.

This is great! It means we can use all the methods and theorems that we have
developed previously for solving discrete-time dynamic programming problems.

We can also introduce discounting by imagining that there is an ‘exponential clock’
of rate o which takes the state to a place where no further cost or reward is obtained.
This leads to an optimality equation of the form

F(i) = min { &(i, u) + Zpij(u)F(j) :
where = B/(B + «), ¢(i,u) = c(i,u)/(B + «), and p;;(u) is as above.

9.3 Example: admission control at a queue

The number of customers waiting in a queue is 0,1,..., N. There is a constant service
rate p (meaning that the service times of customers are distributed as i.i.d. exponential
random variables with mean 1/u, and we may control the arrival rate u to any value
in [m, M]. Let ¢(x,u) = ax — Ru. This comes from a holding cost a per unit time
for each customer in the system (queueing or being served) and reward R is obtained
as each new customer is admitted (and therefore incurring reward at rate Ru when the
arrival rate is u). No customers are admitted if the queue size is N.

Time-average cost optimality. We use the uniformization trick. Arrivals are at
rate M, but this is sum of actual arrivals at rate u, and dummy (or ficticious) arrivals
at rate M — u. Service completions are happening at rate u, but these are dummy
service completions if = 0. Assume M + p = 1 so that some event takes place after
a time that is distributed &(1).

Let ~ denote the minimal average-cost. The optimality equation is

o)+ = nt {ax— Rutugla+1) + oz 1)+ (M~ u)o(x)},

— inf {am Fu[-R+ ¢z +1) — ¢(a)] + pola — 1) + M(;S(a:)}, 1<z <N,
w€E[m,M]

6(0) +y = nf {-Rutug(1) + (u+ M~ wo(0)},

= o {ul=R+0(1) = 0(0)] + (1 + M)o(0)}.

d(N)+~v=aN + Mp(N) + pdp(N —1).

Thus u should be chosen to be m or M as —R+ ¢(x + 1) — ¢(x) is positive or negative.
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Let us consider what happens under the policy that takes u = M for all . The
relative costs for this policy, say ¢ = f, and average cost 7' are given by

f(0) +9" = —RM + Mf(1) + 11£(0), (9-4)
f(@)++ =ax—RM+Mf(x+1)+uf(z—1), 1<z <N (9.5)
F(N)+~ =aN+Mf(N)+uf(N—1). (9.6)

The general solution to the homogeneous part of the recursion in (9.5)) is
f(@) = di1" + do(p/M)*
and a particular solution is f(x) = Az? + Bz, where

/
PR S “_ Y +RM
2(p— M) 2(p— M) M—p

We can now solve for 7/ and ds so that ((9.4) and are also satisfied. The solution
is not pretty, but if we assume p > M and take the limit NV — oo the solution becomes

ax(x+1) , aM

f(x):ma W_MfM_MR'

Applying the idea of policy improvement, we conclude that a better policy is to take
u=m (i.e. slow arrivals) if —R + f(z +1) — f(z) > 0, i.e. if

R < L i Ua.
w—M

Further iterations of policy improvement would be needed to reach the optimal policy.
At this point the problem becomes one to be solved numerically, not in algebra! How-
ever, this first step of policy improvement already exhibits an interesting property: it
uses u = m at a smaller queue size than would a myopic policy, which might choose to
use u = m when the net benefit obtained from the next customer is negative, i.e.

(z+ Da
T

R <

The right hand side is the expected cost this customer will incur while waiting. This
example exhibits the difference between individual optimality (which is myopic) and
social optimality. The socially optimal policy is more reluctant to admit a customer
because, it anticipates further customers are on the way; it takes account of the fact
that if it admits a customer then the customers who are admitted after him will suffer
delay. As expected, the policies are nearly the same if the arrival rate M is small.

Of course we might expect that policy improvement will eventually terminate with
a policy of the form: use u =m iff v > z*.
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10 Restless Bandits

10.1 Examples

Again, we start with a family of n alternative Markov decision processes. Given their
states at time ¢, say x1(¢),...,2,(t), we are to choose actions uj(t),...,u,(t) to apply
at time ¢. As in the multi-armed bandit problem, we suppose that there are just two
available actions, so u;(t) € {0,1}. We generalize the SFABP set up in two ways.

Our first generalization is to require that at each time ¢ exactly m (< n) of the
bandits be given the ‘active’ action u; = 1.

Our second generalization is that the ‘passive’ action v = 0 no longer freezes a
bandit; instead, the state evolves, but differently from its continuation under v = 1.

Example 10.1. Suppose the state of a bandit is a measure of its vigour. The active
and passive actions correspond to notions of work and rest. Performance is positively
related to vigour (or lack of fatigue), which increases with rest and decreases with
work. For example, suppose that x takes values in {1,...,k}. If the active action
u = 1 is applied to a bandit in state z, then there accrues an immediate reward of
r(z), increasing in z, but vigour decreases to max{z — 1,1}. The passive action u =0
produces no reward, but vigour increases to min{z + 1, k}.

Example 10.2. The active and passive actions might correspond to notions of ‘obser-
vation’ and ‘no observation’. Suppose that each bandit is in one of two conditions: 0
and 1, associated with being ‘bad’ or ‘good’, respectively. It moves back and forth be-
tween these two conditions independently of any actions applied by the decision-maker,
according to a 2-state Markov chain. Each bandit is now a POMDP. So far as the
decision-maker is concerned the state of the bandit is the probability that it is in good
condition. Under the action u = 1 the condition is observed, and if this is found to be
i then z(t + 1) = p;1. Moreover, if the condition is good then a reward is obtained.
Under the action v = 0 the underlying condition of the process is not observed, and so,
in a Bayesian manner, z(t + 1) = (¢)p11 + (1 — (¢))po1. No reward is obtained.

Example 10.3. The active and passive actions correspond to running the process at
different speeds. For example, suppose for 0 < e < 1,

Pjli.0) = eP(jli, 1), i#j
= - o ePlili1), i=j

Thus a bandit which is operated continuously with © = 1 has the same stationary
distribution as one that is operated continuously with v = 0. But the process moves
faster when u = 1.
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10.2 *Whittle index policy*

Let @ = {(u1,...,un) : u; € {0,1} for all 4, and )", u;(t) = m}. The optimality
equation is

F(x):rilgg{z:r(xi,ui)—i—ﬁ Z F(yl,,yn)HP(nyl,ul)}

[ Yisees Yn 7

Let us focus upon average reward (i.e. the limit as § — 1). This is attractive because
performance does not depend on the initial state. Assuming that the n bandits are
statistically equivalent it is plausible that, under an optimal policy, bandit ¢ will be
given the action u; = 1 for precisely a fraction m/n of the time. This motivates interest
in an upper bound on the maximal average reward that can be obtained by considering
a single bandit and asking how it should be controlled if we wish to maximize the
average reward obtained from that bandit, subject to a relaxed constraint that u; = 1
is employed for a fraction of exactly m/n of the time.

So consider a stationary Markov policy for operating a single restless bandit. Let
zy be the proportion of time that the bandit is in state 2 and that under this policy
the action v is taken. An upper bound for our problem can be found from a linear
program in variables {z% : x € E, u € {0,1}}:

maximize Zr(x, u)zy (10.1)

subject to

DL (10.2)
Y A =1-m/n (10.3)

x

Zz;‘ = Zz;jP(m |y, u), for all z (10.4)
u y,u

zy >0, for all z,u. (10.5)

Here (|10.4]) are equations that determine the stationary probabilities. Notice that we
have put an inequality in (10.3). Let us justify this by making the assumption that
action v = 1 (which we call the active action is in some sense better than u = 0
(which we call the passive action. So if constraint did not exist then we would
wish to take u = 1 in all states. At optimality will hold with equality.

The optimal value of the dual LP problem is equal to g, where this can be found
from the average reward dynamic programming equation

¢(x) + 9= max {T(x, w) AL —u) + Y y) Py, u(iﬂ))} : (10.6)

ue{0,1}
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Here A and ¢(z) are the Lagrange multipliers for constraints and , respec-
tively. The multiplier A is positive and may be interpreted as a subsidy for taking the
passive action. It is interesting to see how can be obtained from 7.
However, we might have simply taken as our starting point a problem of maximizing
average reward when there is a subsidy for taking the passive action.

In general, the solution of partitions the state space E into three sets, Fy, F1
and Ejy1, where, respectively the optimal action is v = 0, u = 1, or some randomization
between both w = 0 and u = 1. Let us avoid uninteresting pathologies by supposing
that the state space is finite, and that every pure policy gives rise to a Markov chain
with one recurrent class. Then the set Ejy;, where there is randomization, need never
contain more than 1 state, a fact that is known for general Markov decision processes
with constraints.

It is reasonable to expect that as the subsidy A increases in the set of states
Ey (in which u = 0 is optimal) should increase monotonically. This need not happen
in general. However, if it does then we say the bandit is indexable. Whittle defines
as an index the least value of the subsidy A such that v = 0 is optimal. We call
this the Whittle index, denoting it W(-), where W(x) = inf{\ : = € Ey(N\)}. It
can be used to define a heuristic policy (the Whittle index policy) in which, at
each instant, one engages m bandits with the greatest indices, i.e. those that are the
last to leave the set E; as the subsidy for the passive action increases. The Whittle
index extends the Gittins optimal policy for classical bandits; Whittle indices can be
computed separately for each bandit; they are the same as the Gittins index in the case
that u = 0 is a freezing action, so that P(j|i,0) = d;;.

10.3 *Whittle indexability*

The discussion so far begs two questions: (i) under what assumptions is a restless
bandit indexable, and (ii) how good is the Whittle index policy? Might it be optimal,
or very nearly optimal as n becomes large?

Interestingly, there are special classes of restless bandit for which one can prove
indexability. Bandits of the type in Example are indexable. The dual-speed
bandits in Example are indexable. A restless bandit is also indexable if the passive
action transition probabilities, P(j | ¢,0), depend only on j (the destination state).

10.4 *Fluid models of large stochastic systems*

It is often interesting to think about problems in some ‘large N’ limit. Consider, for
example, N identical independently running single server queues, of type M /M /1, each
with its own Poisson arrival stream of rate A and server of rate u. The probability that
a given queue has i customers is 7; = p’(1 — p) where p = \/p. The queues are running
independently and so we would expect the number of them that have i customers to
be N;. Suppose we start off with Nz;(0) of the queues having ¢ customers, where
>;2i(0) = 1. Since N is large, transitions will be happening very fast, and so using
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the law of large numbers we expect to see

%xo(t) = ux1(t) — Azo(t)
%Il(t) = )\Ii_l(t) + ,U,IHJ(t) - ()\ + H)-Ti(t)-

We have replaced our stochastic system by a deterministic fluid approximation. (There
are theorems which talk about the convergence when N — o0.) These differential
equation will produce a trajectory z;(t) — m; as t — oo.

The same things happens even if we link the behaviour of the queues. Suppose we
have total processing effort Nu. Rather than place p per queue, as above, we now
decide to allocate 2u to all queues having more than the median number of customers.
Suppose 23;11 z;(t) + ax;(t) = 0.5, so queues with < j customers are not served, those
with > j + 1 are served, and some service (1 — a)x;(t)p effort is wasted. Now the fluid
approximation is

d

g3 20(t) = pa(t) — Azo(t)

d .
£$Z(t) =Azi_1(t) — Axi(t), 0<i<j-—1
d

%xj(t) = )\.Ij,l(t) + 2,ua:j+1(t) — )\.%‘j(t)

d .

S h(8) = Azp-1 () + 2pak1 () — (A +20)zi(t), k25 +1

The appropriate set of differential equations will of course change depending upon which
j is the median queue size. There will still be convergence to some equilibrium point
(which we might hope will have a smaller average queue size.)

10.5 *Asymptotic optimality™

We now turn to the question of optimality or near optimality of the Whittle index
policy. Taking m = an, let Rg;)(a), R(()zz (o) and r(e) denote, respectively, the average
reward that is obtained from n restless bandits under the Whittle index policy, under
an optimal policy, and from a single bandit under the relaxed policy (that the bandit
receive the action u = 1 for a fraction « of the time). Then

R (a) < R™ (a) < nr(a).

opt

It is plausible that the Whittle index policy should be asymptotically optimal as
n becomes large, in the sense that r(«) — RE;) (a)/n — 0 as n — oo. This is true
if certain differential equations have an asymptotically stable equilibrium point (i.e.
a point to which they converge from any starting state). These are the differential
equations which describe a fluid approximation to the stochastic process of the bandit
states evolving under the Whittle index policy.
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Suppose bandits move on a state space of size k and let z;(¢) be the proportion of
the bandits in state 7. The ‘fluid approximation’ for large n is given by piecewise linear
differential equations, of the form:

dz
pri A(z)x + b(z),

where A(z) and b(z) are constants within k£ polyhedral regions which partition the
positive orthant of R*. For example for k = 2,

dZZ‘

ar Ej:qji(z)zﬂ' - Ej:qij(@zi

dz { —(qha +a81)z + (ahs —dala)p + a3, 21 2>p
dt

—(gly+ @)z — (@ —@1)p+ad%, z1<p

It turns out that there are examples of dual-speed restless bandits (needing & > 3) in
which the differential equations have an asymptotically stable equilibrium cycle (rather
than a stable equilibrium point), and this can lead to suboptimality of the Whittle
index policy. However, in examples, the suboptimality was never found to be more
than about one part in 10%.

Theorem 10.4. If bandits are indexable, and the fluid model has an asymptotically
stable equilibrium point, then the Whittle index heuristic is asymptotically optimal, —

in the sense that the reward per bandit tends to the reward that is obtained under the
relazed policy.

Here is an example where the Whittle index does not quite provide asymptotically
optimal performance.

-2 1 0 1 -2 1 0 1

0 2 -2 0 0 L -2 0 0
(q”> - 56 13 1 |° (qw) = T _13 1
2 2 25 400 400

1 5 1 5

Ly =3 L3 =2

r? =(0,1,10,10), r'=(10,10,10,0), p=0.835
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Equilibrium point is (21, e, 23, 24) = (0.409,0.327,0.100,0.164). z; + z3 + 23 = 0.836.
The equilibrium is a cycle. Relaxed policy obtains average reward 10 per bandit.
Heuristic obtains only 9.9993 per bandit.

It is tempting to try to generalize the idea of a Whittle index for restless bandits to
problems with a discounted reward criterion, starting with the appropriate functional
equation in place of and adding a subsidy for use of the passive action. However, there
is no asymptotic optimality result for this case that is analogous to the result of for the
average reward case. The use of discounted versions of Whittle indices can actually end
up recommending the worst of all priority policies, and a payoff that is very far from
the optimum. This is because the identity of the optimal priority policy can critically
depend on the starting state of the n restless bandits, whereas the ordering of Whittle
indices is calculated without reference to the starting state.
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11 Sequential Assignment and Allocation Problems

Having met the Secretary problem, Multi-armed bandit problem, etc., we now turn to some
other very well-known and interesting problems that I have personally enjoyed.

11.1 Sequential stochastic assignment problem

Derman, Lieberman and Ross (1974) defined the following sequential stochastic
assignment problem (SSAP). It has been applied in many contexts, including kidney
transplantation, aviation security, buying decisions in supply chains, and real estate.
There are n workers available to perform n jobs. First job 1 appears, followed by
job 2, etc. Associated with the jth job is a random variable X; which takes the value
zj. X1,...,Xp are i.i.d. random variables with distribution function G. If a ‘perfect’
worker is assigned to the value z; job, a reward z; is obtained. However, none of the
workers is perfect, and whenever the ith worker is assigned to any type z; job, the
(expected) reward is given by p;x;, where 0 < p; < 1 is a known constant. After a
worker is assigned, he is unavailable for future assignments. The problem is to assign
the n workers to the n jobs so as to maximize the total expected reward. A policy is a
rule for assigning workers to jobs. Let random variable ¢; be the worker (identified by
number) assigned to the jth arriving job. The expected reward to be maximized is

n
ZE[pinj]~
j=1

The optimal policy is given by the following theorem. The surprise is that the
thresholds «; ,, are independent of the p’s.

Theorem 11.1. For each n > 1, there exist numbers agn > 1 > G2 > -+ > Gpp =
0 such that whenever there are n stages to go and p1 > --- > p, then the optimal choice
in the initial stage is to use p; if the random variable X1 is contained in the interval
(@i—1,n,in]. The a;, depend on G but are independent of the p;.

Furthermore a; ,, is the expected value, in an n —1 stage problem, of the quantity to
which the ith largest p is assigned (assuming an optimal policy is followed), and

n—1
F(p17~'~7pn—1) = Zpiai,na pP1 > > Pn-1-
=1

Proof. The proof is by induction. Assuming it is true for n — 1, we have for n,

F(pi...,pn \x):=IngX{wpk4-PTp1w~-,pk71,pk+1w--,pn)}

k—1 n
= max E Djjn + DkT + E DjGji—1n
j=1 j=k+1
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We use the Hardy-Littlewood rearrangement inequality, which says that if
a < A and b < B then ab+ AB > aB + bA. That is, it is best to match smallest with
smallest, largest with largest.

Suppose X1 = x1 and {a1n,---,0i—1n,T1,Qin,---,An_1,n} 1S a decreasing se-
quence. Then the optimum matching of these numbers against the decreasing numbers
{p1,p2,--,Pn}, is to form the sum of the products obtained by matching, for each j, the
jth largest of {a1 pn,...,@i—1,n,T1,Qin,---,0n_1,} With jth largest of {p1,p2,...,0n},
which means that x; should be matched with p;. Notice that ay n+1 is the expected
value of the X that gets matched to pi. This value does not depend on the values of
the p;s. O

We could implement the optimal strategy by offering each job to the workers in
decreasing order of their p values. Worker i will accept the job if workers 1,...,i — 1
reject it, and then X > a; 5, since the jobs is worth is as much to him as he would expect
to get if he forgoes it and then faces a n — 1 stage problem (where his expected match
is a; ). This is nice. We can obtain the socially optimal allocation by presenting the
workers with a problem that they each solve from an individually optimal viewpoint.

11.2 Sequential allocation problems

Groundwater Management Burt (1965). Each day water is to be pumped from
an aquifer, and replenished by a random amount of rainfall R;. The aim is to maximize
an expected sum of utilities Y a(y;) minus pumping cost Y c(x¢, Yt ).

F(z,s) = yrg[gg]{a(y) —c(z,y) + BEF(x —y + Ry, 5 — 1)}

F(z,0)=0. x is level of water in an aquifer.
Here s = h — t is time-to-go.
Investment problem Derman, Lieberman and Ross (1975). With probability p;

there is an opportunities to invest part of ones capital at time ¢. The aim is maximize
the expected sum of 3 a(y).

F(z,s) =qsF(x,s — 1) + ps m[zgx]{a(y) +Fz—y,s—1)}
ye|0,x
F(z,0) =0. 2 is remaining capital of dollars.
General fighter problem With probability p; there is an opportunity for a fighter
to shoot down an enemy plane. If m missiles are used then the enemy plane is destroyed

with probability a(m) and the fighter survives the dogfight with probability c(m). The
aim is to maximize the expected number of enemy planes destroyed.

F(n,s) = qsF(n,s = 1) +ps max }{a(m) +c(m)F(n—m,s—1)}
mel,...,n

F(n,0) =0. n is remaining stock of missiles.
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Bomber problem Klinger and Brown (1968). With probability p; a bomber must
defend itself against an attack and wishes to maximize the probability of reaching its
final target.

P(n,s) = P(survive to for s further distance)

=qsP(n,s — 1) + ps r{r}ax }c(m)P(n —m,s—1)
me n

.....

P(n,0) =1. n is remaining stock of missiles. Typically, ¢(m) =1 —6™.

The bomber problem can also be posed in continuous time, as

t
P(n,t)=e '+ / max ¢(m)P(n —m,s)e” ") ds.
o m€&{l,...,n}

Intuitively obvious properties of an optimal policy are (for the bomber problem,
and other problems similarly)

(A) m(n,s) N, ass A
(B) m(n,s) S asn )
(€©) n—-m(n,s) S asn

Properties like these are sometimes quite easy to prove. Sometimes this is by a
value iteration approaching, proving that the value function has appropriate concavity
properties. Or sometimes an interhange arguments helps. Consider (C) for the Bomber
Problem. We shall assume that log c(m) is concave in m.

Proof of (C) of the Bomber Problem. Let

m(n,s) =arg max c(m)P(n—m,s—1).
me{l,...,n}

We wish to show that n —m(n, s — 1) is nondecreasing in n. Suppose this were not the
case. So perhaps m = m(n,s —1) but m’ =m(n+1,s — 1) withn —m >n+1—m/,
i.e., m’ > m + 1. Consider the product of the survival probabilities

c(m)P(n—m,s —1) x c(m")P(n+1—-m',s — 1) (11.1)

Let m = m’ — 1 and m/ = m + 1. This different choice of amounts to fire in state
(n,s —1) and (n+ 1,s — 1) would have a product of survival probabilities

(m)P(n—m,s—1) x c(m)Pn+1—m' s—1)
=c(m' —1)P(n+1-m',;s—1)xe(m+1)P(n —m,s —1) (11.2)

[ - @@

c(m+1)e(m' —1) — c(m)c(m')] Pn—m,s—1)P(n+1—-m',s—1)

Q

—

Y
o
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c(m+1) e(m’)
c(m) - e(m’ — 1)

Hence at least one of our original m and m’ must not have been optimal. O

since log c¢(m) is concave means that m’ >m +1 =

However (B) for the Bomber problem remains an unproven conjecture, as also is
(A) for the General fighter problem. It has been shown there are (B) is not true
for the Bomber problem if ¢(m) is an arbitrary concave function. However, opinion is
very divided about whether or not (B) might be true for the special concave function
c¢(m) =1—0™. Very extensive computation have turned up no counterexample.

11.3 *SSAP with arrivals*

Suppose workers and jobs arrive according to Poisson processes with respective rates ~y
and A. The workers are identical with p; = 1 (the so-called house-selling case). Rewards
are exponentially discounted with rate «. Job values are i.i.d., say U|0, 1].

Suppose that an arriving job is offered to the workers in inverse order of their arrival
times; so the worker that arrived most recently has first right of refusal for jobs, and
workers try to maximize their own expected job values. The individually optimal (I0)
policy is the Nash equilibrium of a noncooperative game; that is, if all workers follow
the IO policy and each worker is trying to maximize its own expected job value, then
no worker will have incentive to deviate from the IO policy. Righter (2011) has shown
that the IO policy is unique and has proved the following.

Theorem 11.2. The IO policy is socially optimal (maximizing total discounted return).
Thus the socially optimal policy is a threshold policy.

A worker who is ith to be offered a job of value z should accept it iff > t;, where
t1 > to--- and t; is the expected discounted job value that is allocated to worker ¢
under the IO policy. Use uniformization, so v + A + a« = 1. This mean we can now
think of v and A as probabilities, and of our problem as taking place in discrete time.
The thresholds are given by thinking about worker ¢ being indifferent between accepting
and rejecting a job:

t; = Ytit1
——
new WOrkCr arriVCS

+ )\[ tiP(X < ti) +E[X ]‘{ti§X<t7',—l}] + t¢71P(X > tifl)]

new job assigned to new job assigned to new job assigned to

worker behind 1 worker worker ahead of 1

Proof. We show that following the IO policy, starting with the first decision, is better
(for the sum of the worker’s obtained values) than following an arbitrary policy for the
first decision and then switching to the IO policy thereafter (call the latter policy ).
Essentially we are showing that the policy improvement algorithm cannot improve 10.

Suppose at the first decision, t;_1 > x > t; but the job is assigned to no worker by
7, and the IO policy is used thereafter. Workers 1,2,...,7 — 1 and all future arriving
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workers will have the same expected job value (EJV) under I0 and 7. Worker ¢ would
have had z under 10, but will only get ¢; under w. Workers i + 1,...,n will also have
greater EJVs from time 1 onward once i has been assigned a job, so for them also 10
is better than 7. So the job should be assigned.

What if there are n workers present and = < t,7 10 rejects the job. If a policy 7
assigns the job to a worker, which we may take to be worker n, then all other workers
have the same EVJ under 10 and 7, but worker n is taking x, whereas under 7 his
EJV would be t,,, which is greater. So 7 cannot be optimal. O

11.4 *SSAP with a postponement option*

Consider now a SSAP with m perfect workers (p; = 1), and n (> m) jobs to be
presented sequentially, with i.i.d. values Xy,...,X,, ~ U0, 1], and discounting. We no
longer demand that a job must be assigned or rejected upon first seeing its value. It
may be held in a queue, for possible assignment later. For a state in which there are
s = n—t jobs still to see, m workers still unassigned, and a queue holding jobs of values
x1 > -+ > Ty (some of these can be 0) the optimality equations are

1
Fs’m(a:l,..wxm):/ Gsm(T(z,21,...,%m)) dz
0

K3
Gsm(T1,. .. xm) = ie{%ﬁ}fm} ; T+ BFsm—i(Tix1, - Tm) s
where T'(z,1,...,%m,) is the vector formed from {z,z1,...,z,} by discarding the
smallest element and then rearranging the rest in decreasing order. We have written
the optimality equation in two parts. The first equation is about receiving the next
job. The second is about assigning jobs that are presently in the postponement queue.
Feng and Hartman (2012) have proved the following.

Theorem 11.3. An optimal policy is to assign the available job of greatest value, x,
iff £ > oy, s where the threshold oy, s depends on the numbers of unassigned workers,
m, and jobs left to see, s, but not on the values of the other jobs in the queue.

The final part of this statement is rather surprising. One might have expected that
it would be optimal to assign the jobs of greatest value if and only if it is greater than
some threshold, but where this is a complicated function of m, s and the values of the
other jobs that are in the queue and are available to be assigned later.

The proof is very complicated. It would be nice to find an simpler proof, perhaps by
thinking about re-casting the problem into one about individual optimality, as Righter
did with the arrivals case of the SSAP.
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11.5 *Stochastic knapsack and bin packing problems*

Similar to the problems we have addressed thus far is the stochastic knapsack prob-
lem. It has been applied within the field of revenue management. The capacity of the
knapsack is a given amount of resource that can be used to fulfill customer demand
over a certain time frame. Some examples include: rooms in a hotel aimed at weekend
tourists, or seats on an airplane that must be sold before departure. Items of arrive
with random sizes X; and values R;. We wish to maximize the expected total value of
the items we can fit into a knapsack of size c.

For example, Coffman, Flatto, Weber (1987) have studied a stochastic bin packing
problem. Items of sizes X1, X5, ..., X, are encountered sequentially. These are i.i.d.
with distribution function G. We wish to maximize the expected number of items that
we can pack into a bin of size c. Each item must be accepted or rejected at the time it
is encountered.

Let x by the space that is left in the bin. The dynamic programming equation is

Fs(z) = (1 —-G(x))Fs—1(x) + /Ow max{Fs_1(x),1+ Fs_1(x —y)}dG(y)

The optimal rule is to accept the sth to last item iff doing so would leave remaining
space in the bin of at least z5_1 5, where Fy_1(z5_1,4) +1 = Fs_1(x).
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12 LQ Regulation

Models with linear dynamics and quadratic costs in discrete and continuous time. Riccati
equation, and its validity with additive white noise. Linearization of nonlinear models.

12.1 The LQ regulation problem

A control problem is specified by the dynamics of the process, which quantities are
observable at a given time, and an optimization criterion.

In the LQG model the dynamical and observational equations are linear, the
cost is quadratic, and the noise is Gaussian (jointly normal). The LQG model is
important because it has a complete theory and illuminates key concepts, such as
controllability, observability and the certainty-equivalence principle.

To begin, suppose the state x; is fully observable and there is no noise. The plant
equation of the time-homogeneous [A, B, -] system has the linear form

Ty = A{I?tfl + B’U,t,h (121)

where z; € R™, uy € R™, Aisn x n and B is n x m. The cost function is

C= S 1c(xt,ut) + Cp(ap), (12.2)
t=0
with one-step and terminal costs
T T
clr,u) =2 Rr+u' Se+2'STut+u' Qu= <i) <]; Sé > <i) , (12.3)
Ch(z) =z Tz, (12.4)

All quadratic forms are non-negative definite (> 0), and @ is positive definite (> 0).
There is no loss of generality in assuming that R, () and II; are symmetric. This is a
model for regulation of (z,u) to the point (0,0) (i.e. steering to a critical value).

To solve the optimality equation we shall need the following lemma.

Lemma 12.1. Suppose x,u are vectors. Consider a quadratic form

2\ " | I PSS | P T
u Iz yw/) \u
which is symmetric, with I, > 0, i.e. positive definite. Then the minimum with respect

to u is achieved at
_ -1
u=—IL_ Iz,

and is equal to
COL ) P § S ) s | 03
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Proof. Consider the identity, obtained by ‘completing the square’,

() G ) )
u 1L, I, u
= (w+ 1) ', (w4 M) 4+ 2T (Tay = T )2 (125)
O
Theorem 12.2. Assuming f, the value function has the quadratic form
F(x,t) = Mz, t<h, (12.6)
and the optimal control has the linear form
uy = Kyxy, t<h.
The time-dependent matriz I1; satisfies the Riccati equation
II; = fIl; 41, t<h, (12.7)
where Iy, has the value given in , and f is an operator having the action
fli=R+ATHA — (ST + ATIIB)(Q + B'1IB) (S + B'TIA). (12.8)
The m x n matriz K; is given by
K;=—(Q+ B, 1B)"'(S+ B, A), t<h. (12.9)
Proof. Assertion is true at time h. Assume it is true at time ¢ + 1. Then
F(x,t) = i%f [e(z,u) + (Az + Bu) T (Az + Bu)]

il (® "R+ AT 1A ST+ AT, B\ [z
o u u S+BTHt+1A Q+BTHt+1B u ’
Lemma [T12.1] shows the minimizer is v = K;x, and gives the form of f. O
The backward recursion (12.7)—(12.8]) is called the Riccati equation.

12.2 White noise disturbances
Suppose the plant equation (12.1)) is now
Tiy1 = Azy + Bug + €,

where ¢; € R" is vector white noise, defined by the properties Ee = 0, Ee;e] = N
and Fege] =0, t # s. The dynamic programming equation is then

F(z,t) = igf {e(z,u) + E[F(Az + Bu +¢,t + 1)]},
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with F(x,h) = 2" Ilx. Try a solution F(x,t) = z'Il;z + ;. This holds for t = h.
Suppose it is true for ¢t + 1, then

F(z,t) = ir&f {c(z,u) + E(Ax + Bu+€) 'Ty41(Az + Bu+€) + 41}
= inf{c(z,u) + (Az + Bu) "1 (Az 4+ Bu)

+2Ee Tl 11(Az + Bu)} + E [¢ ' Tliqr€] + 241
= i{}f {e(z,u) + (Az + Bu) "It (Az + Bu)} + tr(NIy1) + g1,

where tr(A) means the trace of matrix A. Here we use the fact that

E [ETHE:I =F Z EiHijEj =F Z EjeiHij = Z NjiHij = tI‘(NH)

ij ij i

Thus (i) I; follows the same Riccati equation as in the noiseless case, (ii) optimal
control is u; = Ky, and (iii)

h
F(z,t) =2 x4y = Mz + Z tr(IVIL;).
j=t+1

The final term can be viewed as the cost of correcting future noise. In the infinite
horizon limit of II; — II as ¢ — oo, we incur an average cost per unit time of tr(NTII),
and a transient cost of z ' Iz that is due to correcting the initial x.

12.3 Example: control of an inertial system

Consider a system, with state (z,v;) € R?, being position and velocity,

Te41\ 11 Tt 0 0
(i) =0 ) ()= @) (),
with {u;} being controls making changes in velocity, and {e;} being independent dis-
turbances, with means 0 and variances N. This is as §10.3 with n =2, m = 1.

Suppose we wish to minimize the expected value of
S w2 4 Mpx?,  which equals S u2 + ITy22
o Ui 0%}, which equals ) ;" uj + oz,

when re-write the problem in terms of the scalar variable z; = x; + (h — t)v;. This is
the expected value of zj if no further control are applied. In terms of s = h —t,

Ze—1 =25+ (s — Dug + (s — 1)ey.
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Try Fy_1(2) = 2%I1,_1 + ys_1, which is true at s = 1, since Fy(z) = 22IIy. Then

= inf [u? + EF,_i(z + (s — Du+ (s — 1)e)]

3=k

[v?
1f{u +E[z4 (s —Du+ (s —1)e? Hs,l—i—"ys,l}

fu?+ [(z4 (s = D)u)® + (s — 1)’ N| gy + ve-1] -

— I)H —1%< 2
1+ (s —1)2II,_ (s s
(1+(s—1) 1)(u+1+(51)2ns_1>
(s — 1)?12_, 2
1 + (8 — 1)21_[5_1
(s —1)2112_, 22 9 9
= — I, _ — 1)*NII,_ _
1+(S—1)2HS,1+ s—1% +(5 ) s—1 T Vs—1
N H5_122
1 (s—1)20,

33

=i

=)

= inf

<

+ HS,122 + (8 — 1)2NH571 + 751:|

+ (3 - 1)2NH571 + Vs—1

So we obtain the Riccati equation

Hs—l
1+ (s—1)2M, ¢’

II, =

and optimal control

(S — 1)H3_12’t -
T+ (s—1)2,;

up = — —(s — DI (xs + svy).

By taking the reciprocal of the Riccati equation for I, we have

s—1
O =T 4 (s—1)° = =T+ ) i =TIg" + $s(s — 1)(2s — 1).

i=1

We also see that
Vs = (S - 1)2NH571 +7571-
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13 Controllability

Controllability in discrete and continuous time.

13.1 Controllability
The discrete-time system [A, B, -], with dynamical equation
Ty = AiI?t_l + But_l, (131)

is said to be r-controllable if from any x it can be brought to any z,. by some sequence
of controls ug, u1,...,u._1. It is controllable if it is r-controllable for some r

Example 13.1. Consider the case, (n =2, m = 1),

Tr1 — ASL’O = BUO = <(1)) uQ-
This system is not 1-controllable. But

T — A2(E0 = Bul + ABUQ = (1 all) <U1) .

0 a2/ \uo
So it is 2-controllable if and only if as; # 0.

In general, by substituting the plant equation (13.1]) into itself, we see that we must
find ug, uq,...,u,_1 to satisfy

A=z, — A"z =Bu,_1+ ABu,_o+ --- + A" Buy, (13.2)
for arbitrary A. In providing conditions for controllability we use the following theorem.

Theorem 13.2. (The Cayley-Hamilton theorem) Any n x n matriz A satisfies
its own characteristic equation. So Z;:o aj A" =0, where

det(\I — A) =) " a;A" .
j=0

The implication is that I, A, A%, ..., A"~! contains a basis for A", r =0, 1,.... This
implies the following theorem.

Theorem 13.3. Suppose A is n x n. The system [A, B, -] is r-controllable iff the
matrix
M,=[B AB A2B ... A""'B]

has rank n. It is controllable iff M,, has rank n.

If the system is controllable then a control transferring xy to x, with minimal cost
r—1 T .
S g is

ug = BT (AT Y M. MY Y@, — ATxg), t=0,...,7 — 1.
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13.2 Controllability in continuous-time

In continuous-time we take # = Ax + Bu and cost

o[ () (5 ) (oo

We can obtain the continuous-time solution from the discrete time solution by moving
forward in time in increments of §. Make the following replacements.

Tiy1 — Teys, A— I+ A5, B— Bd, R,S, Q— RS, S0, Q0.
Then as before, F(z,t) = x " Ilz, where II (= II(t)) obeys the Riccati equation

oIl

5 TR+ AT+ TA - (ST +10B)Q (S + B'I) = 0.

We find u(t) = K(t)z(t), where K(t) = —Q~!(S + B'II), and & = ['(t)x. These are
slightly simpler than in discrete time.

Theorem 13.4. The n dimensional system [A, B, -] is controllable iff the matriz M,
has rank n.

Note that there is now no notion of r-controllability. However, If the system is
controllable then a control that achieves the transfer from x(0) to x(t) with minimal

control cost fg ul ugds is
u(s) = BTeA =G (1)~ (x(t) — e*z(0)).

G(t) L 0 as t ] 0, so the transfer becomes more difficult and costly as ¢ | 0.

13.3 Linearization of nonlinear models

Linear models are important because they arise naturally via the linearization of non-
linear models. Consider a continuous time state-structured nonlinear model:

= a(z,u).

Suppose z, u are perturbed from an equilibrium (Z, @) where a(Z, %) = 0. Let 2’ = 2 —Z
and «' = u — @. The linearized version is

Bai

0 l(za)

o 804

a Ou; (a’t,ﬁ).

/

P =t=a(@+2',u+u)=Az"+ Bu, where 4;; =

If (Z,u) is to be a stable equilibrium point then we must be able to choose a control
that can bring the system back to (Z,4) from any nearby starting point.
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13.4 Example: broom balancing

Consider the problem of balancing a broom in an upright position on your hand. By
Newton’s laws, the system obeys m(icosf 4+ LO) = mgsin6.

sl cos 6

Figure 1: Force diagram for broom balancing

For small 6 we have cosf ~ 1 and 0 ~ sinf = (x —u)/L. So with a = g/L
, d (z 0 1\ [z 0
reeem = G ()= (@ ) )+ (B

(B AB] = [_Oa _OO‘} ,

Since

the system is controllable if € is initially small.

Suppose we try to control two brooms at equilibrium simultaneously. Then

01 0 0 0 0 —a 0 —a?
a 0 0 O —Q —a 0 —a? 0
A=1000 1] B=|o Mi=1 -8 0 —p?
00 B8 0 -5 -3 0 —B%2 0

where a = g/Lq, 8= g/Ls.
So My, is of rank 4 only if @ and § are different. It is not possible to simultaneously
balance two brooms whose lengths are the same.

13.5 Infinite horizon limits

Consider the time-homogeneous case and write the finite-horizon cost in terms of time
to go s. The terminal cost, when s = 0, is denoted Fy(z) = z "Moz. In all that follows
we take S = 0, without loss of generality.

Lemma 13.5. Suppose Il =0, R =0, Q = 0 and [A, B, -] is controllable. Then {II,}
has a finite limat T1.
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Proof. Costs are non-negative, so Fy(z) is non-decreasing in s. Now Fi(x) = z ' lgz.
Thus z "I,z is non-decreasing in s for every z. To show that z "I,z is bounded we
use one of two arguments.

If the system is controllable then x "II,x is bounded because there is a policy which,
for any z¢g = x, will bring the state to zero in at most n steps and at finite cost and
can then hold it at zero with zero cost thereafter.

Hence z "TI,z is increasing and has a finite upper bounds, and so tends to a limit
for every . By considering x = e;, the vector with a unit in the jth place and zeros
elsewhere, we conclude that the jth element on the diagonal of II; converges. Then
taking = = e; + e;, it follows that the off diagonal elements of 11, also converge. O

13.6 Stabilizability

Suppose we apply the stationary closed-loop control u = Kx so that & = Az + Bu =
(A+ BK)z. So with I' = A+ BK, we have

oo

=Tz, x;,=¢e" sy, whereel! = Z(Ft)j/j!

j=0
The matrix I' is called the gain matrix.
Similarly, in discrete-time, we have can take the stationary control, u; = Kxy, so
that y = Awy_1 + Bug_1 = (A+ BK)z;_1. Now z; = I'txy.
I is called a stability matrix if z; — 0 as t — oo.

In the continuous-time this happens iff all eigenvalues have negative real part.

In the discrete-time time it happens if all eigenvalues of lie strictly inside the unit
disc in the complex plane, |z| = 1.

The [A, B] system is said to stabilizable if there exists a K such that ' = A+ BK
is a stability matrix.

We can see that Lemmal[I3.5 holds under the condition that the system is stabilizble.
Using u; = K¢, we have x; = I''z and u; = KTz, so

Fi(zx)w < Z(xtTth +ul Qui) =" Z(FT)t(R + KTQK)T| z < cc.
t=0 t=0

So Fy(x) is increasing, bounded above, and so tends to a limit.
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14 Observability

LQ regulation problem over the infinite horizon. Observability.

14.1 Observability
The discrete-time system [A4, B, C] has (13.1), plus the observation equation

Yt = C,It_l. (14.1)

The value of y; € R? is observed, but x; is not. C' is p x n.

This system is said to be r-observable if 2y can be inferred from knowledge of the
observations 1, ..., ¥y, and relevant control values ug, ..., u,._9, for any xg. A system
is observable if r-observable for some r.

From and we can determine y; in terms of xy and subsequent controls:

-1
wy = Alzg+ Y A°Buy_ 1,
s=0
t—2
yr =Cayq = C |A g + ZASBut—s—zl :
s=0

Thus, if we define the ‘reduced observation’
t—2
ZASButs2‘| ’
s=0

then x( is to be determined from the system of equations

=y —C

g =CA tog, 1<t<r (14.2)

By hypothesis, these equations are mutually consistent, and so have a solution; the
question is whether this solution is unique.

Theorem 14.1. (i) The system [A, -, C] is r-observable iff the matriz

c
CA
N— | o4

cAr-!

has rank n, or (ii) equivalently, iff the n X n matriz

r—1
NN, =) (ATycTcAl
j=0
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is nonsingular. (iit) If the system is r-observable then it is s-observable for s >
min(n,r), and (i) the determination of xog can be expressed

2o = (N, N,)™ ) (A7) ~1c Ty, (14.3)

=1

Proof. If the system has a solution for zy (which is so by hypothesis) then this solution
must is unique iff the matrix N, has rank n, whence assertion (i). Assertion (iii) follows
from (i). The equivalence of conditions (i) and (ii) is just as in the case of controllability.

If we define the deviation n; = §; — CA*~ 'z then the equations amount to n; = 0,
1 <t < r. If these equations were not consistent we could still define a ‘least-squares’
solution to them by minimizing any positive-definite quadratic form in these deviations
with respect to xg. In particular, we could minimize Z:;Ol ny ns. This minimization
gives . If equations indeed have a solution (i.e. are mutually consistent,
as we suppose) and this is unique then expression must equal this solution; the
actual value of zg. The criterion for uniqueness of the least-squares solution is that
N, N, should be nonsingular, which is also condition (ii). O

We have again found it helpful to bring in an optimization criterion in proving (iv);
this time, not so much to construct one definite solution out of many, but to construct
a ‘best-fit” solution where an exact solution might not have existed.

14.2 Observability in continuous-time

Theorem 14.2. (i) The n-dimensional continuous-time system [A, -, C] is observable
iff the matriz N, has rank n, or (i) equivalently, iff

t
H(t):/ eAT 0T Cets ds
0

is positive definite for allt > 0. (iii) If the system is observable then the determination
of (0) can be written

2(0) :H(t)*l/o eA 0T ij(s) ds,

where

3(t) = y(t) - / CeAE=) Bu(s) ds.

14.3 *Example: satellite in a plane orbit*

A satellite of unit mass in a planar orbit has polar coordinates (r,6) obeying
. ‘o c ..
i =r0" — = +u, 0 = ——— 4+ —us,
T T
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where u,- and ug are the radial and tangential components thrust. If u, = ug = 0 then
there is an equilibrium orbit as a circle of radius r = p, § = w = y/¢/p3 and 7 = 6 = 0.

Consider a perturbation of this orbit and measure the deviations from the orbit by
rT1=T—p, T2=7T, x3=~0—wt, Ty =60 —w.

Then, after some algebra,

0 1 0 0 0 0

. 3w? 0 0 2wp 1 0 Up\

T~ o o o 1 |%"lo o <u9>_Ax+B“'
0 —2w/p 0 0 0 1/p

Controllability. It is easy to check that My = [B AB] has rank 4 and so the
system is controllable.

Suppose u, = 0 (radial thrust fails). Then

0 0 0 2w 0
o O _ 2 3 _ 0 2&} 0 72&)3
B = 0 M4_[B AB A“B AB]_ 0 1/p 0 4w/
1/p /p 0 —4w?/p 0

which is of rank 4, so the system is still controllable, by tangential braking or thrust.
But if ug = 0 (tangential thrust fails). Then

0 0 1 0 —w?
| B S S —w? 0
B=|y| M=[B AB A AB=| o F
0 0 —2w/p 0 2w3/p

Since (2wp, 0,0, p?) M, = 0, this is singular and has only rank 3. In fact, the uncontrol-

lable component is the angular momentum, 2wpdr + p2060 = 5(r29)|T:p P

Observability. By taking C = [0 0 1 O} we see that the system is observable on

the basis of angle measurements alone, but not observable for C' = [1 0 0 0], ie.
on the basis of radius movements alone.

0 0 1 0 1 0 0 0
0 0 0 1 - 0 1 0 0
Na=1 09 _ow 0 o0 Ni=ls2 0 0 2w
—6w3 0 0 —4dw? 0 —w? 0 0

64



15 Kalman Filter and Certainty Equivalence

The Kalman filter. Certainty equivalence. Separation principle

15.1 Imperfect state observation with noise

The full LQG model assumes linear dynamics, quadratic costs and Gaussian noise.
Imperfect observation is the most important point. The model is

= Axi 1+ Bug_1 + €, (15.1)
Yt = Cxt_l + Nty (152)

where €; is process noise. The state observations are degraded in that we observe only
the p-vector y; = Cxy_1 + 1y, where 7, is observation noise. Typically p < n. In this
[A, B,C] system Aisn xn, Bisnxm, and C is p x n. Assume Gaussian white noise

()2 () () - (2 4

and that xg ~ N(Zo, Vo). Let Wy = (Y3, Ui—1) = (y1,--.,Yt; U0, - ., us—1) denote the
observed history up to time ¢. Of course we assume that ¢, A, B, C, N, L, M, &y and
Vo are also known; W; denotes what might be different if the process were rerun.

Lemma 15.1. Suppose x and y are jointly normal with zero means and covariance

matric
x Via wa}
cov = .
Lj [Vyac Viy
Then the distribution of x conditional on y is Gaussian, with
E(x | y) = Vay V', (15.3)

and

cov(x | y) = Viz — mevyz,l Vyz (154)

Proof. Both y and « — meVyzlly are linear functions of x and y and therefore they are
Gaussian. From E [(z — Vo, V,,'y)y "] = 0 it follows that they are uncorrelated and
this implies they are independent. Hence the distribution of z — Vwa;ly conditional
on y is identical with its unconditional distribution, and this is Gaussian with zero
mean and the covariance matrix given by O

The estimate of x in terms of y defined as & = Hy = nyVy;ly is known as the
linear least squares estimate of x in terms of y. Even without the assumption that
x and y are jointly normal, this linear function of y has a smaller covariance matrix
than any other unbiased estimate for z that is a linear function of y. In the Gaussian
case, it is also the maximum likelihood estimator.
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15.2 The Kalman filter

Notice that both x; and y; can be written as a linear functions of the unknown noise
and the known values of ug, ..., u;_1.

2= Alvg+ A 'Bug+ -+ Bug1 + A leg + -+ Aepq + &
Y = C(AHzo + A" ?Bug 4+ Bug_s + A" Peg+ -+ Aep_p + et_l) +

Thus the distribution of z; conditional on W; = (Y, U;—1) must be normal, with some
mean Z; and covariance matrix V;. Notice that V; is policy independent (does not
depend on ug, ..., ui_1).

The following theorem describes recursive updating relations for z; and V;.

Theorem 15.2. Suppose that conditional on Wy, the initial state xo is distributed
N(&o, Vo) and the state and observations obey the recursions of the LQG model 7
(115.2). Then conditional on Wy, the current state is distributed N (&, V;). The condi-
tional mean and variance obey the updating recursions

Ty = AZy_1 + Bup—1 + Hi(yr — CZy—1), (15.5)
where the time-dependent matriz V; satisfies a Riccati equation
Vi=gVi—1, t<h,
where Vy is given, and g is the operator having the action
gV=N+AVAT —(L+AVCT )M +CVCT) (LT +CVAT). (15.6)
The p x m matriz Hy is given by
Hy = (L+ AV, .CT)(M +CV,_,CT)~ L. (15.7)

The updating of & in ([15.5)) is known as the Kalman filter. The estimate of x; is
a combination of a prediction, A%;_1 + Bu;—1, and observed error in predicting ;.

Compare (|15.6]) to the similar Riccati equation in Theorem Notice that (15.6)
computes V; forward in time (V; = gV;_1), whereas (12.8) computes II; backward in

time (Ht = th+1).

Proof. The proof is by induction on ¢. Consider the moment when u;_1 has been chosen
but y; has not yet observed. The distribution of (x4,y;) conditional on (Wy_1,us—1) is
jointly normal with means

E(xt | Wt—lvut—l) - Afit—l + But—17
E(yt | Wt—h“t—l) = Ci't_l.
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Let Ay_1 = &4—1 — 41, which by an inductive hypothesis is N (0, V;_1). Consider the
innovations

& = xp — E(-Tt ‘ Wtflfutfl) =Tt — (Ai’tfl + But71> =e — AN,
Gt=1yt — E(yt | Wtflvutfl) =y —Cyy =1 — CA1.

Conditional on (W;_1,us—1), these quantities are normally distributed with zero means
and covariance matrix

cov Et—AAt,1 _ N+AV;5,1AT L+AW,10T _ vag ‘/54:
e —CAq| LT +CV,_ AT M+CV,_,CT| Vee Veel

Thus it follows from Lemma that the distribution of & conditional on knowing
(W1, us—1,¢t), (which is equivalent to knowing W, = (Y, U;—1)), is normal with mean
VS,CVgElCt and covariance matrix Vee — VgCV{ClVgg. These give (15.5)—(15.7). O

15.3 Certainty equivalence

We say that a quantity a is policy-independent if E.(a | Wp) is independent of 7.

Theorem 15.3. Suppose LQG model assumptions hold. Then (i) the value function
is of the form
F(Wy) = & My + - - (15.8)

where Ty 1s the linear least squares estimate of x; whose evolution is determined by the
Kalman filter in Theorem[15.3 and “+ - - -’ indicates terms that are policy independent;
(i) the optimal control is given by

ur = Ky,
where I1; and Ky are the same matrices as in the full information case of Theorem[12.9
Proof. The proof is by backward induction. Suppose holds at ¢. Recall that
Ty = A%y + Bug—1 + Hy Gy, Ay =Ty — Tp_1.
Using the fact that ¢(z,u) is a quadratic cost,
FW;i_1) =min E[e(zi—1,up—1) + ZIL: T + -+ | Wi_q, w1

Ut—1

=min F

Ut—1

C(ﬁtfl - Ay, utfl)

+ (A%¢—1 + Bug—1 + Hy(p) 'TL(A%y—1 + Bug—1 + Hy ()

4o ’ Wthutll (15.9)

= min [C(iﬁtfhutfl) + (A1 + But71)THt(A9ACt71 + Butfl)] +--,

Ut—1
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where we use the fact that, conditional on W;_1, u;_1, the quantities A;_; and {; have
zero means and are policy independent. So when we evalute (15.9)) the expectations
of all terms which are linear in these quantities are zero, like E[#, ;RA;_1], and the
expectations of all terms which are quadratic in these quantities, like E[A]_; RA;_1],
are policy independent (and so may be included as part of 4 ---). O

It is important to grasp the remarkable fact that (ii) asserts: the optimal control
uy 18 exactly the same as it would be if all unknowns were known and took values equal
to their linear least square estimates (equivalently, their conditional means) based upon
observations up to time t. This is the idea known as certainty equivalence. As we
have seen in the previous section, the distribution of the estimation error z; — x; does
not depend on U;_;. The fact that the problems of optimal estimation and optimal
control can be decoupled in this way is known as the separation principle.

15.4 *Risk-sensitive LEQG*
Suppose we wish to minimize
() = =0t log [Ex (6—90)] ~ E.C — 0 var,(C) + -

The variance of C enters as a first order term in . When 6 is positive, zero or negative
we are correspondingly risk-seeking, risk-neutral or risk-averse.

The LQG model with cost function ~,(C), where C is of the usual quadratic form,
is quite naturally labelled LEQG (EQ meaning ‘exponential of a quadratic’).

At time t, when we are about to choose w;. Certain things are known.

ie. wug,...,us—1 and yi1,...,y:. Other things are unknown, such as =zg,..., s,
Y1y« -y Yh—1, Ttt1,---,Lh—1. Suppose, by an inductive hypothesis, we know that
controls at times s =t +1,...,h — 1 will be certain linear functions of the estimated

state Zs. Then, conditional on known information all unknowns are jointly Gaussian.
Assume 6 > 0. We can compute

F(W;,t) = —(1/0)logsup £ [e_ect(‘:') ’ Wt:|

=—(1/0) 1ogsup/e*90f<5>*D<D>dD

where this is to be understood as integrating out all Gaussian unknowns against their
joint density function, exp(—D(0)), where D is a quadratic in these variables. A key
fact about integrating out Gaussian variables is that

/efect(u)fp(m)dm « ¢~ nf[6C (D)+D (D))

where the proportionality constant is policy independent and infimum on the right
hand side is achieved at [0 = [J. For 6 = 0 this means least squares estimates. Thus
we see a risk-sensitive certainty equivalence and separation principles in operation.
We should first determine the minimizing ﬁ, and then choose u; to minimize S; =
() + 071 D(0)).
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16 Dynamic Programming in Continuous Time

The HJB equation for dynamic programming in continuous time.

16.1 Example: LQ regulation in continuous time

Suppose & = u, 0 <t < T. The cost is to be minimized is fOT u?dt + Dz (T)?.
Method 1. By dynamic programming, for small d,
F(z,t) = inf [u25 + F(x + ud, t + 5)}
with F(z,T) = Dx?. This gives
0= ir&f [u2 + uFy(z,t) + Fy(x, t)]

So u = —(1/2)F,(x,t) and hence (1/4)F2? = F;,. Can we guess a solution to this?

Perhaps by analogy with our known discrete time solution F(x,t) = II(t)x2. In fact,
Da? D

. d —_1lp — _

T T —pnp ndsou© *=111D"

F(z,t) = (0).

2

Method 2. Suppose we use a Lagrange multiplier A\(¢) for the constraint @ = u at
time ¢, and then consider maximization of the Lagrangian

T
L = —Da(T)? +/ [—uQ A — u)} dt
0
which using integration by parts gives
T .
= —Dx(T)* = X(T)z(T) 4+ M(0)2(0) + / {—uQ + Az + )\u)} dt.
0

Stationarity with respect to small changes in x(t), u(t) and #(T) requires A = 0,
u=(1/2)X and 2Dz(T) + M\(T') = 0, respectively. Hence u is constant,

z(T) = x(0) + uT = x(0) + (1/2)AT = x(0) — TDz(T).
From this we get z(T) = (0)/(1 + TD) and u(t) = —Dx(0)/(1 + T'D).
16.2 The Hamilton-Jacobi-Bellman equation
In continuous time the plant equation is,

z = a(z,u,t).
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Consider a discounted cost of
h
C= / e %c(z,u,t)dt + e *"C(x(h), h).
0

The discount factor over § is e =1 — ad + o(J). So the optimality equation is,
F(z,t) = inf [e(z,u, t)d + (1 — ad) F(z + a(z,u,t)d,t + §) + 0()] .

By considering the term of order ¢ in the Taylor series expansion we obtain,

OF OF
i — —+ — = t<h 16.1
1111Lf {c(x,u,t) ol + 5 + 5 a(z,u,t) 0, < h, (16.1)

with F'(z,h) = C(z,h). In the undiscounted case, a = 0.

Equation is called the Hamilton-Jacobi-Bellman equation (HJB). Its
heuristic derivation we have given above is justified by the following theorem. It can be
viewed as the equivalent, in continuous time, of the backwards induction that we use
in discrete time to verify that a policy is optimal because it satisfies the the dynamic
programming equation.

Theorem 16.1. Suppose a policy 7, using a control u, has a value function F which
satisfies the HJIB equation (16.1)) for all values of x and t. Then 7 is optimal.

Proof. Consider any other policy, using control v, say. Then along the trajectory defined
by & = a(x,v,t) we have

d OF OF
_ﬁeiatF(l‘,t) — et |:C(33,U,t) — (c(x, v, t) — aF + n + axa(l‘,v,t)>:|
<e ez, v,t).
The inequality is because the term round brackets is non-negative. Integrating this
inequality along the v path, from x(0) to z(h), gives

h
F(x(0),0) — e *"C(z(h), h) < / e “e(x,v,t)dt.
t=0
Thus the v path incurs a cost of at least F(x(0),0), and hence 7 is optimal. O

16.3 Example: harvesting fish
A fish population of size x obeys the plant equation,

. a(x) —u x>0,
& =a(z,u) :{ a(x) z=0.

The function a(x) reflects the facts that the population can grow when it is small, but
is subject to environmental limitations when it is large. It is desired to maximize the
discounted total harvest fOT ue~t dt, subject to 0 < u < Upayx.
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Solution. The DP equation (with discounting) is

OF OF
sgp u—ozFJrEJr%[a(x)fu] =0, t<T.

Since u occurs linearly we again have a bang-bang optimal control, of the form

0 >
u = |undetermined| for F, |[=| 1.
urnax _<

Suppose F(z,t) — F(z) as T — oo, and 0F/9t — 0. Then

sup |u — aF + Z—F[a(x) —u]| =0. (16.2)
u €T

Let us make a guess that F'(x) is concave, and then deduce that

0

u = |undetermined, but effectively a(Z)| for = T. (16.3)

VoA
8

umax
Clearly, T is the operating point. We suppose

. { a(x) >0, < T
T = _
a(x) — Umax < 0, x> T.

We say that there is chattering about the point Z, in the sense that u will switch
between its maximum and minimum values either side of z, effectively taking the value
a(Z) at . To determine Z we note that

F(z) = /O " e-ota(z)dt = a(z) /o (16.4)

So from (|16.2) and (16.4) we have
aF(z) — u(x)

() = a(z) — u(x)

—lasxz /T orx\|T. (16.5)

For F to be concave, F,, must be negative if it exists. So we must have

P (i) (@ 5)

B (fg{l) (i@)al—(i))

R
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where the last line follows because holds in a neighbourhood of Z. It is required
that F,, be negative. But the denominator changes sign at z, so the numerator must
do so also, and therefore we must have a/(Z) = a. We now have the complete solution.
The control in has a value function F which satisfies the HJB equation.

e

Figure 2: Growth rate a(z) subject to environment pressures

Notice that we sacrifice long term yield for immediate return. If the initial popula-
tion is greater than Z then the optimal policy is to fish at rate umayx until we reach
and then fish at rate u = a(Z). As a /' a’(0), T\, 0. If & > a’(0) then it is optimal to
wipe out the entire fish stock.

Finally, it would be good to verify that F'(x) is concave, as we conjectured from the
start. The argument is as follows. Suppose x > Z. Then

T e}
/ Umaxe “tdt + / a(z)e *dt
0

=a(Z)/o + (umax — a(Z)) (1 — ef’lT)/a

where T'= T'(x) is the time taken for the fish population to decline from z to Z, when
& = a(x) — Umax. Now

F(z)

T(x) =6+ T(x+ (a(x) — Umax)d) = 0=1+ (a() — Umax)T" ()
= T"(z) = 1/(tmax — a())

So F"(x) has the same sign as that of

)

d? —ary e T (a—d ()
%(1 - T) T (Umax — a(x))z

which is negative, as required, since o = a'(Z) > a/(x), when z > Z. The case x < T is
similar.
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17 Pontryagin’s Maximum Principle

Pontryagin’s maximum principle. Transversality conditions. Parking a rocket car.

17.1 Heuristic derivation of Pontryagin’s maximum principle

Pontryagin’s maximum principle (PMP) states a necessary condition that must
hold on an optimal trajectory. It is a calculation for a fized initial value of the state,
2(0). Thus, when PMP is useful, it finds an open-loop prescription of the optimal
control. PMP can be used as both a computational and analytic technique (and in
the second case can solve the problem for general initial value.)

We begin by considering a problem with plant equation & = a(z,u) and instanta-
neous cost ¢(x,u), both independent of ¢. The trajectory is to be controlled until it
reaches some stopping set S, where there is a terminal cost K(z). As in the
value function F'(x) obeys the dynamic programming equation (without discounting)

. oF
;25 c(x,u) + %a(:c,u) =0, z¢&S5, (17.1)
with terminal condition
F(z)=K(z), ze€S. (17.2)
Define the adjoint variable
A=—F,. (17.3)

This is column n-vector is a function of time as the state moves along the optimal
trajectory. The proof that F}, exists in the required sense is actually a tricky technical
matter. We also define the Hamiltonian

H(z,u,\) = X a(z,u) — c(x,u), (17.4)
a scalar, defined at each point of the path as a function of the current x, u and A.

Theorem 17.1. (PMP) Suppose u(t) and z(t) represent the optimal control and state
trajectory. Then there exists an adjoint trajectory A(t) such that

&= Hj, [=a(z,u)] (17.5)
A= —H,, [=-\ag +c] (17.6)

and for allt, 0 <t < T, and all feasible controls v,
H(x(t),v, A(t)) < H(x(t),u(t),\(t)) =0, (17.7)
Moreover, if x(T) is unconstrained then at x = x(T) we must have
(MT)+K,) 'o=0 (17.8)
for all o such that © + eo is within o(e) of the termination point of a possible optimal

trajectory for all sufficiently small positive e.
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‘Proof.” Our heuristic proof is based upon the DP equation; this is the most direct
and enlightening way to derive conclusions that may be expected to hold in general.

Assertion ([17.5)) is immediate, and (17.7)) follows from the fact that the minimizing
value of w in ([17.1) is optimal. Assuming u is the optimal control we have from ([17.1]

in incremental form as
F(z,t) = c(z,u)d + F(x + a(x,u)d, t + 6) + o(4).

Now use the chain rule to differentiate with respect to x; and this yields

d
d—sz(m,) dxz c(z,u —l—za—x]Fx—l—axu)5t+§)dxz(xj+a](x u)0)
= =0 ) =S N+ 62 o)
! o d.’[?i ! 5 J dmi
d dc da;
- %Ai(t) = dr; _zj:)‘ (t)dx

which is (17.6]).

Now suppose that z is a point at which the optimal trajectory first enters S. Then
x € S and so F(x) = K(x). Suppose x + eo + o(e) € S. Then

0=F(x+eo+o(e) — K(xz+eo+ o(e))
= F(z) — K(z) + (Fp(x) — K.(x)) T oe + o(e)

Together with F(z) = K(z) this gives (F, — K;) o = 0. Since A\ = —F, we get
A+ K,)To=0. O

Notice that and each give n equations. Condition gives a further
m equations (since it requires stationarity with respect to variation of the m components
of u.) So in principle these equations, if nonsingular, are sufficient to determine the

2n 4+ m functions u(t), z(t) and A(%).
Requirements of (17.8]) are known as transversality conditions.

17.2 Example: parking a rocket car

A rocket car has engines at both ends. Initial position and velocity are x1(0) and x5(0).

T2 —>

e

0 T

Figure 3: Optimal trajectories for parking problem
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By firing the rockets (causing acceleration of u in the forward or reverse direction) we
wish to park the car in minimum time, i.e. minimize 7" such that z1(T") = x2(T) = 0.
The dynamics are &1 = x5 and @3 = u, where u is constrained by |u| < 1.

Let F'(x) be minimum time that is required to park the rocket car. Then

F(xy,29) = 71n<11un<1{5 + F(z1 + 220, 2 +u§)}.

By making a Taylor expansion and then letting 6 — 0 we find the HJB equation:

. OF oF
0= 71H§nun§1 {1 + 871.1332 + axZU} (179)
with boundary condition F(0,0) = 0. We can see that the optimal control will be a
bang-bang control with u = — sign(g—f;) and so F satisfies
oF oF
0=14 —z2—|7—|.
+ 8$1 2 ‘ 81‘2

Now let us tackle the same problem using PMP. We wish to minimize

T
C:/ 1dt
0

where T is the first time at which = (0,0). For dynamics if &1 = 9, &2 = u, |u| < 1,
the Hamiltonian is
H=Mzo+ Xu-—1,

which is maximized by u = sign(A2). The adjoint variables satisfy N = —0H /0x;, so
A =0, Ao = =\ (17.10)

Suppose at termination A\ (7)) = «, A2(T) = B. Then in terms of time to go we can
compute

A1(s) =« A2(s) = B+ as.

These reveal the form of the solution: there is at most one change of sign of Ay on the
optimal path; v is maximal in one direction and then possibly maximal in the other.

From or we see that the maximized value of H must be 0. So at
termination (when x5 = 0), we conclude that we must have |5| = 1. We now consider
the case § = 1. The case = —1 is similar.

If8=1,a>0then Ay =1+ as >0 for all s >0 and
u=1, To = —8, r; = s%/2.

In this case the optimal trajectory lies on the parabola 1 = x3/2, 21 > 0,29 < 0. This
is half of the switching locus z; = +3/2 (shown dotted in Figure 4).
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Figure 4: Optimal trajectories for parking a rocket car. Notice that the trajectories
starting from two nearby points, a and b, are qualitatively different. The car starts to
the right of the origin and moving towards it. From b one starts by further accelerating
the movement towards the orgin. From a one starts by braking movement towards the
origin.

If =1 a <0 then u = —1 or u = 1 as the time to go is greater or less than
so = 1/|a|. In this case,

u=—-1, xy=(s—2s), =«

u=1, Ty = —S8, T

The control rule expressed as a function of s is open-loop, but in terms of (z1,z2) and
the switching locus, it is closed-loop.
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18 Using Pontryagin’s Maximum Principle

Problems with explicit time. Examples with Pontryagin’s maximum principle.

18.1 Example: insects as optimizers

A colony of insects consists of workers and queens, of numbers w(t) and ¢(¢) at time ¢.
If a time-dependent proportion u(t) of the colony’s effort is put into producing workers,
(0 <wu(t) <1, then w,q obey the equations

W =auw —bw, ¢=c(l—u)w,

where a, b, ¢ are constants, with a > b. The function u is to be chosen to maximize the
number of queens at the end of the season. Show that the optimal policy is to produce
only workers up to some moment, and produce only queens thereafter.

Solution. In this problem the Hamiltonian is

H = )\ (auw — bw) + Aoc(l — w)w

and K(w,q) = —q. The adjoint equations and transversality conditions give
~M\ =Hy,= M(au—0b)+ dae(l —u) M(T) =-Ky= 0
X =H,= 0 ’ X(T) =-K,= 17

and hennce A2(f) = 1 for all ¢. Since H is maximized by wu,

0 . <
u= it A(t) :==Ma—c N 0.
Since A(T) = —¢, we must have u(T) = 0. If ¢ is a little less than T, \; is small and

u = 0 so the equation for A\; is )
)\1 = )\1[) — C. (181)

As long as A; is small, A; < 0. Therefore as the remaining time s increases, A;(s)
increases, until such point that A(t) = A;ja—c¢ > 0. The optimal control becomes v = 1
and then A\; = —X;(a — b) < 0, which implies that A;(s) continues to increase as s
increases, right back to the start. So there is no further switch in w.

The point at which the single switch occurs is found by integrating from t to
T, to give A\ (t) = (¢/b)(1 — e~ T=1?) and so the switch occurs where Aja — ¢ = 0, i.e.
(a/b)(1 — e~ (T=00) =1 or

Lswiteh = T + (1/b) log(l - b/a)

Experimental evidence suggests that social insects do closely follow this policy and
adopt a switch time that is nearly optimal for their natural environment.
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18.2 Problems in which time appears explicitly

Thus far, ¢(-), a(-) and K(-) have been function of (z,u), but not t. Sometimes we
wish to solve problems in ¢ appears, such as when & = a(z, u,t). We can cope with this
generalization by the simple mechanism of introducing a new variable that equates to
time. Let xg = ¢, with 29 = ag = 1.

Having been augmented by this variable, the Hamiltonian gains a term and becomes

IZI:)\oa0+H:)\OaO+Z)\iaifc

i=1

where \g = —F; and ag = 1. Theorem says that H must be maximized to 0.
Equivalently, on the optimal trajectory,

n
H(z,u,\) = Z Aia; — ¢ must be maximized to — Ag.
i=1

Theorem still holds. However, to we can now add
o= —H; = ¢ — Ay, (18.2)
and transversality condition
A+ K)o+ N+ K =0, (18.3)

which must hold at the termination point (x,t) if (x 4 €o,t + er) is within o(e) of the
termination point of an optimal trajectory for all small enough positive e.

18.3 Example: monopolist

Miss Prout holds the entire remaining stock of Cambridge elderberry wine for the
vintage year 1959. If she releases it at rate u (in continuous time) she realises a unit
price p(u) = (1 — u/2), for 0 < uw < 2 and p(u) = 0 for w > 2. She holds an amount x
at time 0 and wishes to release it in a way that maximizes her total discounted return,
fOT e~ *up(u) dt, (where T is unconstrained.)

Solution. Notice that ¢ appears in the cost function. The plant equation is © = —u
and the Hamiltonian is

H(x,u,\) = e “up(u) — Au = e~ *u(l —u/2) — \u.
Note that K = 0. Maximizing with respect to u and using A=—H, gives

u=1-— e, A =0, t>0,

so A is constant. The terminal time is unconstrained so the transversality condition gives
Xo(T) = —Ki|t—r = 0. Therefore, since we require H to be maximized to —Ao(T) =0
at T, we have u(T) = 0, and hence

A=e T, u=1—e Tt <,
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where T is then the time at which all wine has been sold, and so

x(0) :/0 udt=T— (1—¢T) Ja.

Thus u(0) = 1 — e~ is implicitly a function of x(0), through 7.

05 10 s 20 25 0 L (t)

Figure 5: Trajectories of x(t), u(t), for a = 1.

The optimal value function is

T T _e—aT 2
F(x) = /o (u— U2/2)67Qt dt = 1/0 (67(“ - eat*mT) dt = 7(1 ) .

2 2

18.4 Example: neoclassical economic growth

Suppose z is the existing capital per worker and u is consumption of capital per worker.
The plant equation is

= f(x) — vz — u, (18.4)

where f(x) is production per worker (which depends on capital available to the worker),
and —yx represents depreciation of capital. We wish to choose u to maximize

T
/ e g(u)dt,
t=0

where g(u) measures utility and T is prescribed.

Solution. This is really the same as the fish harvesting example in §16.3} with a(z) =
f(z) — vx. So let us take
T =a(x) —u. (18.5)

It is convenient to take
H = e [g(u) + AMa(x) — u)]
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so including a discount factor in the definition of u, corresponding to expression of F
in terms of present values. Here ) is a scalar. Then ¢'(u) = A (assuming the maximum
is at a stationary point), and

% (c™*\) = —H, = —~*'Ad'(x) (18.6)
" A(t? = (a —d'(x)A(). (18.7)
From ¢'(u) = A we have ¢”(u)i = A and hence from we obtain
= ﬁ[a’(m) ], (18.8)
where .
ot ==

is the elasticity of marginal utility. Assuming g is strictly increasing and concave we
have o > 0. So (z,u) are determined by (18.5)) and ((18.8]). An equilibrium solution at
Z,u is determined by

u=a(z) d(Z)=a,
These give the balanced growth path; interestingly, it is independent of g.

This provides an example of so-called turnpike theory. For sufficiently large T the
optimal trajectory will move from the initial £(0) to within an arbitrary neighbourhood
of the balanced growth path (the turnpike) and stay there for all but an arbitrarily small
fraction of the time. As the terminal time becomes imminent the trajectory leaves the
neighbourhood of the turnpike and heads for the terminal point (7)) = 0.

18.5 *Diffusion processes*

How might we introduce noise in a continuous-time plant equation? In the example of
916.1| we might try to write £ = u + ve, where v is a constant and € is noise. But how
should we understand €? A sensible guess (based on what we know about sums of i.i.d.
random variables and the Central Limit Theorem) is that B(t) = fg €(s) ds should be
distributed as Gaussian with mean 0 and variance ¢. The random process, B(t), which
fits the bill, is called Brownian motion. But much must be made precise.

Just as we previously derived the HJB equation before, we now find
F(z,t) = inf [u25 + E[F(x + ud + vB(8),t + 5)]]
— 0=inf {uz S uF, +v2Fy, + Ft} — 0= —(1/2)F2 + v’ F,, + F,
u

where F(x,T) = Dz?. The solution to this p.d.e. is (unsurprisingly)

Dz?

Fe) =1 7=up

+ 20 log(1 + (T — t)D).
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