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EXISTENCE OF OPTIMAL TRANSITION KERNELS

BY
KEVIN J. HASTINGS

1. Introduction

Suppose a controller watches a continuous-time stochastic process up to a
fixed time ¢,. The probability law P, of the uncontrolled process may not be
completely known. Based on his knowledge of the process up to ¢,, the
controller must choose a new probability law on the future of the process after
t, from a set of admissible measures dependent on the past history. The goal is
to minimize the expected value of a random variable that represents total cost.
It might be the case that both the expected cost under his chosen law, and the
set of admissible measures depend upon his statistical estimates of some
unknown parameters. For instance, in Section 3, a problem is stated in which
the process is a semi-Markov jump process with uncontrollable, unknown
holding parameters. The controller may choose the state transition probabili-
ties subject to some restrictions. His choice of an “optimal” law is only as
good as his statistical estimates of the holding parameters. Returning to the
general case, we will answer the following question. Under what conditions
does there exist a measurable function Q* from the past history to the set of
probability measures on the future (i.e., a transition probability kernel) such
that for every history, the image measure is both admissible and optimal
(according to the current statistical information)?

Some ways in which this work differs from much of the stochastic control
literature are the implicit inclusion of statistical estimation, the lack of Markov
assumptions, the idea of treating past histories as states and probability
measures as actions, and the general nature of the cost variable. Of course,
spaces of probability measures are hard to deal with computationally, but their
topological properties are well-suited to existence theory. The paper of Kertz
and Nachman (11), inspired the problem formulation. In the context of
discrete-time non-stationary dynamic programming, they employed histories
as states, general cost variables, and multifunctions into spaces of measures to
prove existence of discrete-time “persistently optimal plans” which are opti-
mal for the future after every fixed time #,. Similar models using ideas of
measurable selection from spaces of probability measures appeared earlier in
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352 KEVIN J. HASTINGS

the work of Sudderth [20], who was concerned with a discrete-time stopping
rule problem, and Blackwell, Freedman, and Orkin ([3], see also the compa-
nion paper by Freedman [8]), who applied the ideas to discrete-time dynamic
programming. In the problem studied here, only one intervention is made,
though choice of a law on the future may be thought of as a choice of an
action at each future time. So, we essentially have a single-stage measurable
selection problem. An interesting, and much more difficult, problem to study
is the existence of a consistent family of measures on the future, one for each
time ¢,, which would be the direct continuous-time analog of the discrete-time
Kertz and Nachman problem. As for the measurable selection problem, the
most appropriate among many useful results in this area is in Wagner [21,
Theorem 9.1}, which leads to the main theorem.

Schil [12] seems to be the first to build statistical estimation directly into a
discrete-time problem, connecting dynamic programming to statistical deci-
sion theory. Here the estimates are implicit in the constraints and the value
function. The notion of optimality simply changes; we do not attempt, as
Schil does, to minimize maximum risk.

Some interesting references on control of jump processes are Pliska [15] and
Stone [19] in which holding times are controllable as well as transition
probabilities, Wan and Davis [22] and Boel and Varaiya [5], who use the idea
of the past history as a state, but are more interested in martingale characteri-
zation of the optimal control. In all these works, controls are functions into an
action space that give rise to probability measures. This paper takes the
measures as the fundamental objects.

In the remainder of this section, we introduce notation and terminology. In
Section 2, we formulate the problem rigorously and prove the main existence
theorem. The theorem is applied to the jump process example alluded to above
in the final section.

Let E be a Polish space (i.e., complete separable metric space). The symbols
B(E), ¢(E), and P(E) respectively denote the Borel o-algebra on E, the
collection of compact subsets of E, and the set of all probability measures on
(E, #(E)). In particular 8, € #(E) is the measure with unit mass at x € E.
Let F be a topological space, let p € #(E), and let D be a multifunction D:
E — €(F). Then D is called measurable if

{x€eE:D(x)NB+ 2} B(E) forallclosed BC F; (1.1)

Let [a, b| be a sub-interval of R (possibly unbounded) that is closed at the
left. Define

Q[a,b| ={w: [a,b| = E: w is right-continuous (12)
and has left limits at all ¢ € [a, b|}; .

X(0)=w(t); F=0(X;:5<t); F=0(X,:s5s€[a,b]). (13)
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We call = (Q, »y F, %> X))ic(a,p the canonical process on (E, B(E))
with time domain [a, b|. In the sequel, we write @ = Q, .\ and H = Q, , |,
where ¢, is a fixed positive number. If E is a Polish space, then @, ; can be
given the Skorohod topology as follows. Denote by || - || the supremum norm
for functions whose domain is a compact interval [c, d], and let A = A , be
the set of all strictly increasing homeomorphisms on [c, d]. Write e for the
identity, e € A. Then the following defines a metric that is consistent with the
Skorohod topology on €, ,;:

d(w,«’) = inf {IA] V [lo°A — o]} (1.4)
where
s A(r
A\l = sup log——( ) (r) + IA—e]. (1.5)
rgfe

The Skorohod topology on £, ,, is the natural extension of this; (w,) = « if

for each compact [c, d] such that ¢ and d are either endpoints of [a, b| or

points of continuity of w, the restrictions of w, converge to the restriction of w

in the Skorohod topology on [c, d]. Then €, , is a Polish space (Whitt [23,

Theorem 2.6}, see also Maisonneuve [12]), and #(Q, ;) = & . The latter is an

important fact that enables us to appeal to Borel measurable selection results.
For w, w’ € Q, define w ~ w’ € Q by

) w(s) if 5 < ty;
o~ wls)= {w’(s — 1) if s>t (1.6)
For h € H, define h € Q by
A h(s) ifs <zt
h = i
(s) {h(to) if s > 1. (1.7)

2. Problem statement and existence theorem

Once again, let 2 be the canonical process on (E, #(E)) with time domain
R,. Let there be given Z € %#/%(R), called the cost variable. Define Y(w, w’)
= Z(w ~ ’). Clearly, for each w the mapping ' — Y(w, w’) € #/Z(R),
and also Y € (#, X F)/%#(R). We let D be a multifunction from @ into
P () such that for all w € Q,

D(w) C {P: fY*(w,w')P(dw') A fY‘(w,w’)P(dw’) < oo}
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and

W(s)=w(s)foralls<t, = D(w)=D(«). (21)
This will be called the admissibility function. Define the cost criterion

U: graph D - R
by

U(w, P) = j Y(w, o) P(dw’). (2.2)

Then U(w, P) is the expected total cost if w is observed up to time #,, and the
controller chooses P as the law of the future after ¢,. Denote the optimal cost
variable by

C(w) = Pei%f;w)U(w,P). (2.3)

An optimal transition kernel Q* is a transition probability kernel from
(@, #,) to (2, F) such that

0*(w,dw’) € D(w) and U(w, Q*(w)) = C(w) foreveryw. (2.4)

We will show the following existence theorem.
(2.5) THEOREM. Suppose that E is a Polish space, Z is lower-semi-continuous
in the Skorohod topology and is bounded below, and D is a non-empty,

compact-valued, measurable multifunction with the property that if w(s) = w’(s)
for all s < t; then D(w) = D(w’). Then there exists an optimal transition kernel.

The proof of Theorem (2.5) requires the following lemma. We will use —
to indicate convergence in the Skorohod topology.

(2.6) LeMMA. _ Suppose that (h,) = hin H and (w,) >  in Q. Then
@) (k) - hin,
(i) (h,~w,) = h~winl.

Proof. (1) Tt must be shown that (r;, d]fn,,) -, d]ﬁ for points of continu-
ity ¢, d of h, where r(, , is the restriction mapping. If d < ¢, this follows
immediately from thie fact that (h,) — h. Suppose that ¢, < c. Then

Tie.aha(s) = h,(t,) for each n and all s,

and

r[c,d}’;(s) = h(to) for all s.
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Since ¢, is a fixed point for every A € Ay, ,, it is clear from (1.4) that
h,(ty) = h(1,), hence the restrictions converge (in fact, uniformly) in the case
ty < c. The remaining case is ¢ < ¢, < d. Since c is a continuity point of s, we
may choose a sequence (v,) S Ay ,,; such that

1Yl V 1B, Y, — k|| > 0asn > oo, y,(c)=cforalln. (2.7)

For each n define

Y,(s) ifc<s <t
""(‘)'{ if £, < 5 < d.

Using (1.5) and the inequality

|logz+w|smax{|log—-| ‘log l} forx, y,z,w>0

it is relatively easy to show that |u,| — 0. Also, ft om,(s) is equal to

h,°v,(s) for s € [c, tg], and is equal to h,(¢,) for s € (to, d). From this and
(1 4), it follows that (h ) - h.

(ii) Again, if d < ¢, or if ¢;, < ¢, then the hypotheses immediately imply
that

(r[c,d](i;n ~ "’n)) - r[c,d](ﬁ ~ °~’) in Q[c,d}’

so we consider the case ¢ < ¢, < d. Choose (y,) as in (2.7), and choose a
similar sequence (A,) € A, d=1o] for (w,) (note that since 4 is a point of
continuity for h~w d- t, is a point of continuity for w). Define for each n,

¥,(s) if c <5<t
pa(s) = -
to+ N, (s—1ty) iftg<s<d.

It is tedious, put straightforward to show that |u,| = 0 as n = o0o. Now for
s€le ty), h,~ w,(s)=h,°v,(s), and for s € [t,, d], h, ~ w,(s) =
W, o\, (s — to) Then (1.4) 1mpl1es that d(r,, d](h ®,), r[c,d](h ~w)—-0
as n - o0, and (ii) follows.

Proof of Theorem 2.5. Denote by r the restriction mapping from £ to H.
Define

D(n) = D(h),
Y(h,0) =Y(h,0)=2Z(h~ o),

U(h, P) = /f’(h,w)P(dw) for (h, P) € graph D.
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We show that D is measurable. Let B be a closed subset of (), and let ¢
denote the mappmg from H to Q defined by ¢(h) = h. Then ¢ is 1-1, and by
Lemma 2.6(i), it is also continuous, hence measurable. It is easy to check that

(heH:D(W)NB* 2} =¢"HweQ D(w)NB* B},

hence the measurability of D 1mp11es that of D.

By Part (ii) of Lemma 2.6, ¥ is continuous (resp. l.s.c.) if Z is continuous
(resp. Ls.c.). As in [16, Lemma 3.4], U is Ls.c. and bounded below. Also, it is
well known that £ () is metrizable as a complete, separable metric space. B
[21, Theorem 9.1], there is an optimal measurable selector f for U and D.
Define Q*(w;-) = for(w). By the equality of #(H) with the canonical

history and the measurability of r, Q* is a transition kernel from (2, #, ) to
(2, F). Also,

0*(w) =for(w) € D(r(w)) = D(#(«)) = D().

We have used the second hypothesis on D in the last equality. The optimality
of Q* follows easily from the relation U(w, Q *(w)) = U(r(w), f o r(w)). This
finishes the proof of the theorem.

3. Control of a semi-Markov step process

Let E be a discrete state space endowed with the discrete topology, and
suppose that there is a minimum distance p between all points of E. As usual,
% is the canonical process on E with time domain R,. Let F(¢; ) be a
distribution function dependent on a parameter § that takes values in a set
0 < R4, We will suppose that for x € E, F(t; %) is the distribution of any
sojourn time in state x, where F is considered to be known, but §* is not. For

each x € E, we have a random variable §* € &, ./ Z(0) that serves as an
estimate of 6*. Let

F*(t; ) = F(1; §*(w)),

which is, of course, the estimate of the sojourn time distribution for x.
Let @ = (E X [0, 00))*. A typical element & of § is written

® = (xg5 Sgs X15 S15---)-

For & in the subspace K, of & such that Ts; diverges, define ¢(@) € Q to be
the step function that moves through states x,, x;, x,, ... with jumps at times
89> So + 81,80 + 8§ + §5,... . Given w € @ and a transition matrix p on E,
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there is a unique probability measure P = Fw’ pon Q whose projections are

P(dx,, dsg, ..., dx,, ds,)

n
= 8w(,0)(dx0)F"0(ds0; @) I-[lp(x"’l’ dxi)Fx‘(dsia w). (3-1)
j=

This induces a measure P =P, , on @ by P = Po¢ L. If M is a set of
admissible transition matrices, define

D(w)={P, ,=P, ,°¢7": Pisasin(31)and pe M}. (32)

Let L be a bounded, measurable function on E, and let a > 0. Define
z(0) = [ e L(X,(w)) ds. (3.3)
0

We will show that, under some conditions, Z is Skorohod ls.c. and D is
compact-valued and measurable, hence by Theorem (2.5) there is an optimal
kernel for the problem expressed by (3.1)—(3.3).

(3.4) Remark. By the definition of the Skorohod topology and the fact that
the points of E are isolated, it is easy to see that if (w,) = « then for any 7,
T, > 0 such that T; is a point of continuity of w, there is N = N(n, T) > 0
and there is a sequence (A,) C Ay . such that for all n > N,

A,l <m and w,=we°X, on[0,T;].
In fact, the condition above is also sufficient for Skorohod convergence.
(3.5) LEMMA. Z is bounded and Skorohod continuous.

Proof. Since the proof is straightforward, we merely give a sketch. Let
(w,) = w. Take T; large enough that

fTwe‘“’L(X,(w)) dt

0

is small, uniformly in w, and that w, = w° X, on [0, T;] for n large enough, as
in Remark (3.4). If the jump times of w are T}, T,, T3,... then the sojourn
intervals for w, are A;Y(T}) — A\, X(T-1), kK =1,2,3.... For |A,| = |A};}]
small, these intervals are close to T, — T),_;, k = 1,2,3.... Thus, in [0, T;],
w, moves through the same states as w, and spends nearly the same time in
those states, which makes the [0, 7;]-discounted reward for w, close to
that of .
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The following lemma allows us to transfer our attention from D(w) to

D(w) = { ,asin (3. l)suchthatpeM}

(3.6) LEMMA. ¢ is a_continuous (relative to the product topology) function
from K, to Q. Thus, if D(w) is both tight and closed, D(w) is compact.

Proof. Let w, = (xg, 5g, X1> 815...) = ® = (xg, S, X, §1,...) in the
product topology on K. Denote w, = ¢(,) and w = ¢(@) and let T, be a
continuity point of . Denote the jump times of w, by ¢f = ¥ ;s and the
jump times of w by t, = L¥ ,s,. Suppose that ¢, < T, < t,,,. Given & > 0 we
can find N large enough that for all n > N,

olax, d(xi, x;) v onax, Isk — skl <p Ace (3.7)
which implies that for all n > N, x} = x4, k = 0,..., . We lose no generality
in supposing that N is large enough that t, < To < t,+1 for all n > N. Then
we can define A, to be the continuous, piecewise linear function such that
A (tp) =1, for k 0,....1, A\ (T) = T,, and A, = e after T;,. Then o,
wo A, on [0, T;]. Some tedious arguments, whose details we omit, can be given
to show that for any 7 > 0, e > 0 and N can be found so that the condition
|A,| < is satisfied. By Remark (3.4), w, = w and ¢ is continuous.

_Now a standard result (for example see [(13) Cor. 1, p. 191]) implies that if
( ) converges weakly to P, ,, then (P, )= (P, , ¢~ 1) converges
weakly toP, ,=P, ,°¢ " To show D(w) is closed let (P )=(P, , 97"
be a sequence in D(w) converging to some P € 2(Q). If D(w) is both tight
and closed, then it is compact a and hence (P, »,) has a convergent subsequence
converging to some P, , in D(w) By the observation above, (P, , ) has a
subsequence convergmg to P, ,, therefore P =P, , € D(w). So, D(w) is
closed. The fact that D(w) is tlght follows from the tightness of D(w) [13,
Theorem A, p. 195]. This completes the proof.

In light of Lemma (3.6), the following lemma shows the compactness of
D(w) under some regularity conditions on M and F. Earlier, we had assumed
that E is a countable set of isolated states, and in this case, any compact
subset of E is actually finite. Thus, the tightness condition on M in (3.8) is
weaker than it first appears, and the regularity of F in (3.9) represents no real
restriction. There is value, perhaps, in stating, the conditions this way for the
purpose of avoiding direct reference in the proof to the structure of E.

(3.7) LeMMA. (a) Suppose that for all § <1 and all compact K C E, there
exists compact L C E such that

p(x,LY>8 forall x€K,peM, (3.8)
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and for all w € Q, § <1, compact K C E, there exists [c¢,d] € R, such that

F([c,d], §*(w)) > & forall xeK. (3.9)

Then D(w) is tight.

(b) Suppose, in addition, the following condition holds: If (p,) € M is a
sequence of transition matrices such that for all x in a set KC E, p,(x,y)
converges for all y € E, then there is p € M such that for all x € K,

lim p,(x,y) =p(x,y) forall y€E. (3.10)
Then D(w) is closed.

Proof (a) Fix w€ R, and let 1 > &> 0. By (3.8) and (3.9), we may
construct a sequence of compact sets of states and compact time intervals
Ky = {w(ty)}, [cody), Ky, lc1s d,), ... satisfying the following:

Fy= F([co, do], 690 (w)) > 1 — &,

Py = inf p(w(to), K,) > l;e,

— &
F = mf F([cl, d,], 6*(w)) > FP ,
: — ¢
P = f K,) >
! peA}l,‘lxeKl p(x K3) FOPOFI

Then the set I_('-,3 =[12,(K; X [¢c;d;]) is compact in the product topology, and
the sequence of finite cylinders

Ay= K, X [cg, dol X Q, 4, = Ky X [cordol X Ky X [¢,d;] X Q...

decrease to K,. It is then a straightforward matter to use the fact that
m
[1IEP,>1-¢ forallm
i=0

to show that for all p € M and all m, ﬁw’ p(A_m) > 1 — &. Therefore,
P, (K)=1-¢ forallpe M,

and hence D(w) is tight. _
(b) Fix w € Q, and let P, = P, , be a sequence in D(w) that converges
weakly to some probability P. Then the finite-dimensional distributions of the
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P,’s converge weakly. Because E is discrete, indicator functions 1 y» ¥ € E are
continuous, hence we can define

p(e(t0),y) = lim [1,(x)p,(w(to), dx)), y€E
= lim p,(w(t), ), y€E.

Let 4, ={y € E\{w(ty))}: p(w(ty), y)>0}. If A, is empty, then let
K = {w(#)} in (3.10) and let p € M be the associated transition matrix.
Then it is clear that P, > P, ,, hence we now consider the case where 4, is
not empty. For each y € 4,, n can be taken large enough that p,(w(?,), y) >
0. Now the following limit exists:

Tim [ f1,(x)1,(x2) pa(@(t0), dx:) (31, )
= lim p,(w(%), ¥) Pu(y, 2),
and for y € 4, and z € E, we can define

lim p,(w(to), ) Pu(, 2)
T (S )
In a similar fashion, we can define p(z, w) for all w € E and all z in the set
={ze E\4,\{w(t)}: p(y,z) >0 forsome ye€A4,}.

This procedure defines p(x, y) forall x € 4 = {w(t5)} U4, U4,U ... and
all y € E, and clearly for such (x, y), lim,_, . p,(x, y) = p(x, y). By hy-
pothesis (3.10), p can be extended to a transition matrix in M. (It is not hard
to show that (3.10) implies that for x € 4, ¥, c gp(x, y) = 1))

Now we have already seen that D(w) is tight, therefore since every P, is in
D(w), the convergence of finite-dimensional distributions is sufficient to prove
that P, > P . p- LHIS 1S stralgltforward and the details will be omitted. It
follows that P = P_ _, hence D(w) is closed and the proof is finished.

It remains to ﬁnd condmons under which D is measurable. Once again we
may easily reduce to studying D. Suppose D is measurable. Now the mapping

V: P> Pog!

is continuous, so that if B is a closed subset of P(Q), then ¥ ~!(B) is a closed
subset of P({2). Thus,

{0: D(w)NB# 2} ={w:D(0)N¥ ¥ (B)* B} €F.

Therefore, measurability of D implies measurability of D.
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By a theorem of Castaing and Rockefellar (Theorem 4.2 of (21)), it suffices

to show that there is a countable family of measurable selectors a,:Q — P(2)
such that

D(w) =cl U{ai(w)} forall w. (3.11)

For this we make the assumption that M has a separant M, = {¢,,q,,... } in
the sense that for all p € M and & > 0, there is ¢ € M| such that

sup 3| p(x, y) — q(x, y)| < 8. (3.12)

Defining a;(w) = P, ,, it then remains to show that for any w € @, ¢ > 0,
pPEM, there exists ¢ € M, such that

d(P

w,p? Pw,q) <&

where

(P Pog) = X min{1/2)

1 YedP,, - fkaT’w,ql} (3.13)

for some countable dense subset {Y),Y,,...} of the bounded, uniformly
continuous functions on . (We put the usual bounded metric on the product
space Q). Since the tail of the above sum can be made arbitrarily small, it
clearly suffices to find g such that

‘deﬁw— [YdP, | <e

for each of finitely many bounded, uniformly continuous Y ’s. Furthermore, by
setting

(3.14)

Y (Xg> 5053 Xms Sm) = Y (X5 S5+ ces Xpms Spm> Bg)
for some fixed Wo and large enough m, we may assume without loss of

generality that Y is a function of only finitely many coordinates.
Let M be a bound for Y. Choose g as in (3.12) for 8 = ¢/mM. Let

f(xgyeees x,,) = ff /F”‘O(ds*o,w) FxM(dsm,w)Y(xo,so,...xm,sm)

<M
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Then, writing x, = w(t,), we have

‘deﬁu,p - /Ydﬁu,q =‘Zp(x09x1) T Zp(xm—la xm)f('xo,'-"xm)
X X

- ZQ(xoxl) e Zq(xm—l’ xm)f(xos s xm)

Now,

< Ms,

Z(P(xm—l’ xn}) - q(xm—l’ xm))f(xo’ tee xm)

and an easy backward induction argument shows that for k = 0,1,...,m — 1,

x

P(xm—k—l’ xm—k) Tt Zp(xm—l’ xm)f(xo, cees xm)
xm

k

- Z q(xm—k—l’ xm—k) tr Eq(xm-l’ xm)f(XO” ce xm)
Xm—k Xm

< (k + 1) Ms.

In particular for k = m — 1 we obtain (3.14). The result depended only on the
bound M and on m, hence the same g will yield (3.14) for finitely many such
Y, as needed. Thus, under (3.12), D is measurable.

We close by summarizing the results of the section.

(3.15) THEOREM. Suppose that E is discrete; F(t; 8) is a distribution func-
tion dependent on a parameter § € © C R?, D and Z are defined respectively by
(3.2) and (3.3), where L is bounded and o > 0; and conditions (3.8), (3.9),
(3.10), and (3.12) hold. Then there exists a transition kernel Q* from (%, #, )
to (R, F) such that for all w,

0*(w,dw’) € D(w) and U(w,Q*(w)) = pei%t;w) U(w, P).

Acknowledgment The author wishes to express his appreciation to the
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