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MARKOV DECISION PROCESSES WITH RECURSIVE RISK MEASURES
NICOLE BAUERLE AND ALEXANDER GLAUNER

ABSTRACT. In this paper, we consider risk-sensitive Markov Decision Processes (MDPs) with
Borel state and action spaces and unbounded cost under both finite and infinite planning hori-
zons. Our optimality criterion is based on the recursive application of static risk measures.
This is motivated by recursive utilities in the economic literature, has been studied before for
the entropic risk measure and is extended here to an axiomatic characterization of suitable risk
measures. We derive a Bellman equation and prove the existence of Markovian optimal policies.
For an infinite planning horizon, the model is shown to be contractive and the optimal policy
to be stationary. Moreover, we establish a connection to distributionally robust MDPs; which
provides a global interpretation of the recursively defined objective function. Monotone models
are studied in particular.
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1. INTRODUCTION

In this paper, we extend Markov Decision Processes (MDPs) to a recursive application of
static risk measures. Our framework is such that it is applicable for a wide range of practical
models. In particular we consider Borel state and action spaces, unbounded cost functions and
rather general risk measures.

In standard MDP theory we are concerned with minimizing the expected discounted cost of
a controlled dynamic system over a finite or infinite time horizon. The expectation has the
nice property that it can be iterated which yields a recursive solution theory for these kind of
problems, see e.g. the textbooks by [24] [17, 9] for a mathematical treatment. However, there are
applications where the simple expectation, which does not reflect the true risk of a decision, might
not be the best choice to evaluate decisions. In particular when the management of cash flows
is concerned, economists prefer to use dynamic utilities to compare their performance. An early
axiomatic treatment of a dynamic utility which takes into account the revealed information is
[21]. Later, the focus was more on an extension of static risk measures to dynamic risk measures.
We mention here the following axiomatic approaches [15] 25] 13}, 34] just to name some of them.
These approaches do not consider a control. For an overview up to 2011 see [I]. Later, besides the
axiomatic characterization another important aspect has been time-consistency of the dynamic
risk measures, see e.g. [II, I0] for the situation without control and [31], 0] for the situation
with control. In the latter reference it is shown that the only time-consistent risk measures are
those which iterate static ones. See also [19] for different ways to apply dynamic risk measures.

Approaches to establish a theory for controlled dynamic risk measures have before been pre-
sented in [27], B2 12, 3]. [27] is an axiomatic approach. The paper restricts to bounded random
variables for the infinite time horizon and uses Markov risk measures to obtain time-consistency.
However, some assumptions are indirect properties of the risk measures (see e.g. Theorem 2 in
this paper). In [32] so-called risk maps are considered and weighted norm spaces are used to
treat unbounded rewards. Concepts like sub- and uppermodules are needed to prove the main
theorems. [I2] also treats unbounded cost problems but restricts to coherent risk measures.
Moreover, some assumptions on the existence of limits are made because the Fatou property
of risk measures is not exploited there. The note [3] restricts the discussion to entropic risk
measures.
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There are also papers which apply recursive risk measures in specific problems. E.g. in [20]
a convex combination of expectation and Expected Shortfall is used to tackle the problem of
electric vehicle charging in a dynamic decision framework. The authors there compare true risk
and expectation with the standard MDP problem. [28] investigate dynamic pricing problems
with dynamic Expected Shortfall and also compare their findings to the standard MDP. [6]
consider optimal dividend payments under dynamic entropic risk measures and [7] optimal
growth models under dynamic entropic risk measures. In [33] sampling-based algorithms for
coherent risk measures are constructed.

In this paper now we restrict to a recursive application of static risk measures and use un-
bounded cost functions. The risk measures may be rather general and we state the needed
properties for every result. In contrast to the earlier literature our assumptions are in most
cases assumptions on the model data alone. We also treat the important case of monotone
models where comonotonicity of the risk measures is crucial.

In more detail the structure of our paper is as follows: In the next section, we summarize
some important concepts of risk measures. We consider in particular distortion risk measures.
In Section B we introduce our Markov Decision model. The finite-horizon optimization problem
is then considered in Section 4l The aim is to minimize recursive risk measures over a finite time
horizon. We show here that for proper coherent risk measures with the Fatou property local
bounding functions are sufficient for the well-posedness of the optimization problem. Otherwise
global bounding function may be necessary. Under some continuity and compactness conditions
on the MDP data we show that an optimal policy exists which is Markovian and the value of
the problem can be computed recursively. In Section [B, we consider the problem with an infinite
time horizon. Here the first result, which states a fixed point property of the value function
and the existence of an optimal stationary policy, is under the condition of coherence of the risk
measure. In Section [6, we briefly discuss the relation to distributionally robust MDP. In Section
[0, we consider MDP with monotonicity properties. Here we can work with semicontinuous
model data. Another special case arises when the cost function is bounded from below. Then,
under the monotonicity assumptions the monetary risk measure does not have to be coherent
but comonotonic additive to obtain the same results. In the last section, we illustrate our results
with some examples: We show that in a monotone recursive Value-at-Risk model, the optimal
policy is myopic. Moreover, we consider stopping problems, casino games and a cash balance
problem where structural properties of the standard MDP formulation still hold.

2. RISk MEASURES

Let a probability space (£2,.4,P) and a real number p € [1,00) be fixed. With ¢ € (1, 00| we
denote the conjugate index satisfying % + % = 1 under the convention é = 0. Henceforth, LP =
LP(Q, A,P) denotes the vector space of real-valued random variables which have an integrable
p-th moment. We follow the convention of the actuarial literature that positive realizations
of random variables represent losses and negative ones gains. A risk measure is a functional
p: LP — R. The following properties will be important.

Definition 2.1. A risk measure p: L? — R is

a) law-invariant if p(X) = p(Y) for X,Y with the same distribution.
b) monotone if X <Y implies p(X) < p(Y).
c) translation invariant if p(X +m) = p(X) +m for all m € R.
d) normalized if p(0) = 0.
e) finite if p(LP) C R.
f) comonotonic additive if p(X +Y) = p(X) + p(Y) for all comonotonic X,Y".
g) positive homogeneous if p(AX) = Ap(X) for all A € Ry.
h) convezr if p(AX + (1 = AN)Y) < Ap(X) + (1 — A\)p(Y) for X € [0,1].
i) subadditive if p(X +Y) < p(X) + p(Y) for all X,Y.
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j) said to have the Fatou property, if for every sequence {X,, }neny C LP with | X,| <Y P-a.s.
for some Y € LP and X,, — X P-a.s. for some X € LP it holds

lirginfp(Xn) > p(X).

A risk measure is called monetary if it is monotone and translation invariant. It appears to
be consensus in the literature that these two properties are a necessary minimal requirement
for any risk measure. Monetary risk measures which are additionally positive homogeneous
and subadditive are referred to as coherent. Further, note that positive homogeneity implies
normalization and makes convexity and subadditivity equivalent. The Fatou property means
that the risk measure is lower semicontinuous w.r.t. dominated convergence.

Lemma 2.2 (Theorem 7.24 in [26]). Finite and convex monetary risk measures have the Fatou
property.

Coherent risk measures satisfy a triangular inequality.
Lemma 2.3 (Prop. 6 in [23]). For a coherent risk measure p and X,Y € LP it holds
p(X) = p(Y)| < p(IX =Y.

We denote by M;j (£, A,P) the set of probability measures on (£2,.4) which are absolutely
continuous with respect to P and define

MI(Q, A, P) = {Q € My(Q,A,P): % € Lq(Q,A,IP’)} .

Recall that an extended real-valued convex functional is called proper if it never attains —oo
and is strictly smaller than +o00 in at least one point. Coherent risk measures have the following
dual or robust representation.

Proposition 2.4 (Theorem 7.20 in [26]). A functional p : LP — R is a proper coherent risk
measure with the Fatou property if and only if there exists a subset @ C M¥(Q, A,P) such that

p(X) = sup E¥[X], X eLP.
QeQ

The supremum is attained since the subset @ C M$(Q2, A,P) can be chosen o(L%, LP)-compact
and the functional Q — EQ[X] is o(L9, LP)-continuous.

With the dual representation we can derive a complementary inequality to subadditivity.
Lemma 2.5. A proper coherent risk measure with the Fatou property p : LP — R satisfies
p(X+Y)>p(X)—p(-Y) for all X,Y € LP.
Proof. By Proposition 2.4] it holds for X,Y € LP

p(X +Y) =sup E¥Y[X + Y] = sup (EQ[X] —I—EQ[Y]>

QeQ QeQ
> sup EQ[X] + inf EQ[Y] = p(X) — sup E¢[-Y]
QeQ QeQ QeQ
= p(X) = p(=Y). O

In the following, F'x (x) = P(X < x) denotes the distribution function, Sx () = 1-Fx(x), x €
R, the survival function and Fy'(u) = inf{z € R: Fx(z) > u}, u € [0,1], the quantile function
of a random variable X. Many established risk measures belong to the large class of distortion
risk measures.

Definition 2.6.  a) An increasing function ¢ : [0,1] — [0,1] with g(0) = 0 and ¢(1) = 1 is
called distortion function.
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b) The distortion risk measure w.r.t. a distortion function g is defined by p, : LP — R,
0

p(X) = /0 " g(Sx (@) da | 1-asc@nds

—00
whenever at least one of the integrals is finite.

Distortion risk measures have many of the properties introduced in Definition 211 see e.g.
[29].

Lemma 2.7. a) Distortion risk measures are law invariant, monotone, translation invari-
ant, normalized, positive homogeneous and comonotonic additive.
b) A distortion risk measure is subadditive if and only if the distortion function g is concave.

There is an alternative representation of distortion risk measures in terms of Lebesgue-Stieltjes
integrals based on the quantile function in lieu of the survival function of the risk X.

Remark 2.8. For a distortion risk measure p, with left-continuous distortion function g it holds

1
- [ Fe @, (2.1)

where g(u) =1 —g(1 —u), u € [0,1], is the dual distortion function, cf. [I4]. For a continuous
concave distortion function g : [0,1] — [0, 1] the dual distortion function g : [0,1] — [0,1] is

continuous convex and can be written as g(z fo s)d s for an increasing right-continuous
function ¢ : [0,1] — R4, which is called spectrum By the properties of the Lebesgue-Stieltjes
integral, (2.I]) can then be written as

pal(X) = po(X / Fi' (w)é(u) d (2.2)

Therefore, distortion risk measures with continuous concave distortion function are referred to
as spectral risk measures. Note that continuity of g is an additional requirement only in 0, since
an increasing concave function on [0, 1] is already continuous on (0, 1].

Due to Holder’s inequality, spectral risk measures pg : LP — R with spectrum ¢ € L9 fulfill

oo (X ’—\/ u)du /\F Sy du = (E|F U)P) (ElS(W)]) 7 < oo,

where U ~ U([0, 1]) is arbitrary. Hence, they have the Fatou property by Lemma

Example 2.9. The most widely used risk measure in finance and insurance Value-at-Risk
VaRo(X) = Fx'(a),  a€(0,1),

is a distortion risk measure with distortion function g(u) = 1(1_4,1)(u). Since the distortion
function is not concave, Value-at-Risk is not coherent and especially not a spectral risk measure.
The lack of coherence can be overcome by using Fxpected Shortfall

ES.(X) = ! /1 Fil(u)du, acl0,1).

11—«

The corresponding distortion function g(u) = min{*-,1} is concave and Expected Shortfall

thus coherent. It is also spectral with ¢(u) = ﬁ]l[a,u (u). Due to the bounded spectrum, ES
has the Fatou property. The well-known entropic risk measure

pV(X):%logE[e'YX] , v >0,

is an example of a law-invariant and convex monetary risk measure which does not belong to
the distortion class. For random variables with existing moment-generating function it has the
Fatou property directly by dominated convergence.
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To the best of our knowledge, it has surprisingly not been investigated in the literature whether
Value-at-Risk has the Fatou property.

Lemma 2.10. Value-at-Risk has the Fatou property.

Proof. Assume the contrary. Then there exists a sequence { X, }nen C LP with |X,,| <Y P-a.s.
for some Y € LP and X,, — X P-a.s. for some X € LP such that
liminf VaRq (X)) < VaR, (X).

n—o0

Le. there is an € > 0 such that for every ¢ € (0, ¢)

lim inf F)}i (a) < F'l(a) — 6.

n—o0

Hence, there exists a subsequence {F )Zi, () }ken such that for all K € N and § € (0,¢)
k
P! (0) < Fy'(a) = 6

or equivalently by the properties of generalized inverses a < Fly,, (Fy Y(a) — §). Since Fx has

at most countably many discontinuities, we can choose dy € (0,¢€) such that Fy'(a) — &y is a
point of continuity of F'x. Then, by the definition of convergence in distribution

a < klim Fy,, (Fx'(a) = do) = Fx (Fy'(a) — &).
— 00

Again by the properties of generalized inverses, this is equivalent to Fiy'(a) < Fy'(a) — &, a
contradiction. O

3. THE MARKOV DECISION MODEL

We consider the following standard Markov Decision Process with general Borel state and
action spaces. The state space E is a Borel space with Borel o-algebra B(E) and the action
space A is a Borel space with Borel o-Algebra B(A). The possible state-action combinations at
time n form a measurable subset D,, of E x A such that D,, contains the graph of a measurable
mapping F — A. The z-section of D,,,

D,(z) ={a € A:(x,a) € D},

is the set of admissible actions in state x € E at time n. Note that the sets D, (z) are non-
empty. We assume that the dynamics of the MDP are given by measurable transition functions
T, : D,x2Z — FE and depend on disturbances Z1, Zs, ... which are independent random elements
on a common probability space (€2, .4,P) with values in a measurable space (Z,3). When the
current state is x,, the controller chooses action a, € D, (z,) and z,11 is the realization of
Zn+1, then the next state is given by

Tn4+1 = Tn(xna Ap, Zn—l—l)-

The one-stage cost function ¢, : D, x E — R gives the cost ¢,(z,a,z’) for choosing action
a if the system is in state x at time n and the next state is x’. The terminal cost function
ey E — R gives the cost cy(z) if the system terminates in state x.

The model data is supposed to have the following continuity and compactness properties.

Assumption 3.1. (i) The sets D, (x) are compact and E > = — D, (z) are upper semicon-
tinuous, i.e. if xp — = and ap € Dy(xg), k € N, then (aj) has an accumulation point in
D, (x).

(ii) The transition functions 7,, are continuous in (z,a).
(iii) The one-stage cost functions ¢, and the terminal cost function cy are lower semicontinu-
ous.
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Under a finite planning horizon N € N, we consider the model data for n =0,..., N —1. The
decision model is called stationary if D, T do not depend on n, the disturbances are identically
distributed, the one-stage cost functions are of the form ¢, = "¢, and the terminal cost function
is BNcy, where B € (0,1] is a discount factor. In that case, Z denotes a representative of the
disturbance distribution. For a non-stationary model one may think of the discount factor being
included in the cost functions. If the model is stationary and the terminal cost is zero, we allow
for an infinite time horizon N = oco.

For n € Ny we denote by H,, the set of feasible histories of the decision process up to time n

b — Zo, lf’I’LZO’
n— .
(20, 00,21, ..., Ty), ifn>1,

where ay, € Dy (z) for k € Ny. In order for the controller’s decisions to be implementable, they
must be based on the information available at the time of decision making, i.e. be functions of
the history of the decision process.

Definition 3.2. a) A measurable mapping d,, : H,, — A with d,(h,) € D,(x,) for every
hy € H,, is called decision rule at time n. A finite sequence m = (dyp, ...,dn_1) is called
N-stage policy and a sequence m = (dp,dy, ... ) is called policy.

b) A decision rule at time n is called Markov if it depends on the current state only, i.e.
dy(hy) = dy(xy) for all hy, € H,. If all decision rules are Markov, the (N-stage) policy is
called Markowv.

c) An (N-stage) policy 7 is called stationary if m = (d,...,d) or 7 = (d,d,...), respectively,
for some Markov decision rule d.

With IT O IIM D II° we denote the sets of all policies, Markov policies and stationary policies.
It will be clear from the context if N-stage or infinite stage policies are meant. An admissible
policy always exists as D contains the graph of a measurable mapping.

Since risk measures are defined as real-valued mappings of random variables, we will work
with a functional representation of the decision process. The law of motion does not need to be
specified explicitly. We define for an initial state o € F and a policy w € II

‘Xg)r = o, X;Lr—l—l = T(X;:7 dn(H;LT)’ Zn—l-l)'
Here, the process (HJ )nen, denotes the history of the decision process viewed as a random
element, i.e.
Hy =9, Hf = (X(;r’dO(Xg)’Xf)a ey Hy = (Hy_q,dn—1(Hp_y), X7).

Under a Markov policy the recourse on the random history of the decision process is not needed.

4. CoST MINIMIZATION UNDER A FINITE PLANNING HORIZON

For a finite planning horizon N € N, we consider the non-stationary decision model. In the
classical context of the risk-neutral expected cost criterion, the value of a policy = € II at time
n=20,...,N given h, € H, is defined as

N—1
er(hn) = Enhn [Z ck(Xlg7dk(Hl7fr)7Xl7fT+1) + CN(X]7\r/) ’ n= 07 s 7N7
k=n
where E,p, is the conditional expectation given H] = h,. Under suitable integrability condi-
tions, V. satisfies the value iteration

Vnw(hn) =E [Cn (‘Tna dn(hn)y Tn(xna dn(hn)a Zn-‘,—l)) + Vn+17r (hny dn(hn)y Tn(xna dn(hn)a Zn-i—l))] ’

see e.g. Theorem 2.3.4 in [9]. In order to take risk-sensitive preferences of the controller into
account, the approach here is to replace the factorization of conditional expectation in the value
iteration by a risk measure, meaning that static risk measures are recursively applied at each
stage. In the special case of the entropic risk measure, this approach has been studied by [3] in
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an abstract setting and by [6l [7] in applications to optimal dividend payments and stochastic
optimal growth. Their choice of the risk measure is motivated by the fact that the entropic
risk measure coincides with the certainty equivalent of an exponential utility function. In the
economic literature, recursive utilities have been widely studied. For a literature overview we
refer the reader to [22].

Let p € [1,00) with conjugate index ¢ € [1,00] and let pg,...,pnv—1 : LP(, A P) — R
be monetary risk measures. We define the value of a policy m = (do,...,dy—-1) € II at time
n=20,...,N given history h, € H, recursively as

Vr(hn) = en(zn),
er(hn) = Pn (Cn (xna dn(hn)a Tn(xny dn(hn)a Zn-‘,—l)) +Vn+17r (hna dn(hn)a Tn(xny dn(hn)a Zn-i—l))) .

In the special case that the one-stage cost functions ¢, do not depend on the next state of the
decision process, the value of a policy simplifies to

er(hn) = Cn(xna dn(hn)) + Pn (Vn-i—lﬂ(hna dn(hn)y 77:4_1))7 hn € Hny
due to the translation invariance of monetary risk measures.

Remark 4.1. For the recursive definition of the policy values to be meaningful, we need to
make sure that the risk measures are applied to elements of LP(Q2, A, P). This has two aspects:
integrability will be ensured by Assumption [4.2] but first of all V,,; needs to be a measurable
function for all 7 € Il and n = 0,..., N. For most risk measures with practical relevance, this
is fulfilled:
e In the risk-neutral case, i.e. for p = E, and also for the entropic risk measure p, the
measurability is obvious.
e For distortion risk measures, the measurability is guaranteed, too. To see this, we proceed
backwards. For N there is noting to show and if V,,1+1, is measurable, the function

f(hn,2) = cp ($n,dn(hn),Tn(33na dn(hn), Z)) +Votir (hna dn(hn), Tn (T, dn (i), 2)

is measurable as a composition of measurable maps. Then, Fubini’s theorem yields that
the survival function of f(hy, Zp+1)

S(t/hn) = / L{f (b, Zos1 (@) > E}P(dw)

is measurable. A distortion function g is increasing and hence measurable. So again by
Fubini’s theorem we obtain the measurability of
0

Vnﬂ(hn) = pg(f(hm Zn—l—l)) = /OOO g(s(t|hn)) dt — / 1- g(S(t|hn)) dt

—0o0
since the integrands are non-negative and compositions of measurable maps.
e For proper coherent risk measures with the Fatou property one can insert the dual rep-
resentation of Proposition 2.4 Then, an optimal measurable selection argument as in
Theorem 3.6 in [5] yields the measurability.

Throughout, it is implicitly assumed that the risk measures are chosen such that all policy values
are measurable.

The value functions are given by
Vi(hy) = inf Vi (hy), hn € Hy,
mell
for n =0,..., N and the controller’s optimization objective is

Vo(z) = inf Vor(z), z€PB.

In order to have well-defined value functions, we need some finiteness conditions instead of the
usual integrability conditions. Moreover, we require some basic properties for the risk measures.



8 N. BAUERLE AND A. GLAUNER

Assumption 4.2. - (i) There exist €,€ > 0 with € + € = 1 and measurable functions b : £ —
(=00, —€¢] and b : E — [€,00) such that it holds for all policies 7 € T and alln =0,..., N

(ii) We define b : E — [1,00), b(z) = b(z) — b(z). For alln =0,...,N — 1 and (z,a) €
Dy, there exists an ¢ > 0 and measurable functions ©,°7,0,’5 : Z — R, such that
0,1(Zn11),0,5(Zn11) € LP(2, A, P) and

len(@, a, T(z,a,2))] < ©;74(2), b(Tu(z,a,2)) < ©,5(2)
for all z € Z and (z,a) € B(Z,a) N D,,. Here, B.(Z,a) is the closed ball around (z,a)
w.r.t. an arbitrary product metric on £ x A. ~

(iii) The monetary risk measures po,...,pn—1 : LP(2, A,P) — R are law invariant and have
the Fatou property.

b, b are called (global) lower and upper bounding function, respectively, while b is referred to
as (global) bounding function. Since b is non-positive and b is non-negative it holds

b(x,) < Vi (hn) < Vir(hy) < Vo5 (hy) < b(x), hn € Hn,

and consequently |Viz(hy)| < b(z,). Bold print is used to distinguish these global bounding
functions from the usual local (stage-wise) bounding functions used for risk-neutral MDP. Such
local bounding functions can be introduced for the risk-sensitive recursive optimality criterion,
too, if the risk measures have additional properties. Note that without any further properties
on the risk measure we cannot construct global bounding functions from local ones.

Lemma 4.3. Let pg,...,pn—1 be proper coherent risk measures with the Fatou property. If

there exist €,€ > 0 with e + € = 1, measurable functions b: E — (—oo, —¢], b: E — [€,00) and a
constant a € (0,1) such that

Pn (Cn(l', a, Tn(l', a, Zn-i-l)))
Pn (Cn(x7 a, Tn(ﬂj‘, a, ZTL+1)))

(LE), pn( _b(Tn(‘Taaa Zn-i-l)))
(), Pn (_(Tn($v a, Zn+1)))

foralln =0,...,N —1 and (z,a) € D,, as well as b(z) < cy(x) < b(x) for all x € E, then

—ab(x),
ab(z),

IA A

>b
<b

S

1 - 1
1—ab and b_l—a

b=

are global bounding functions satisfying Assumption (i).
Proof. We proceed by backward induction. At time N we have
b(zn) < b(zy) < en(zn) < b(zy) < b(aw), hn € Hn.

Assuming the assertion holds for time n + 1 it follows for time n:

Vnw(hn) = Pn (Cn (ﬂj‘n, dn(hn)a Tn($n, dn(hn)a Zn+1)) + Vn+17r (hna dn(hn)a Tn($n, dn(hn)a Zn+1)))
1
2 Pn (Cn (xna dn(hn)a T (wp, dn(hn)a Zn-i—l)) + 1—a

b(To(n, dn(lin), Zns1)))
> pn (cn xn,dn(hn),Tn(:nn,dn(hn),Zn+1))) — Lpn( —b(Tn(:cn,dn(hn),ZnH)))

11—«
> b(xy) + b(zy) = b(xy,).

l—«o
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The second inequality is by Lemma Regarding the upper bounding function one can argue
similarly using the subadditivity of p, instead.

Vnw(hn) = Pn (Cn (xna dn(hn)a Tn($n, dn(hn)a Zn+1)) + Vn+17r (hna dn(hn)a Tn($n, dn(hn)a Zn+1)))

(T (2, dn (), Zn+1)))

1
< Pn (Cn (xna dn(hn)a Tn($n, dn(hn)a Zn—l—l)) + 1

—

IN

Pn (Cn (mna dn(hn), Tn(2n, dn(ha), Zn-i—l))) + ﬁpn (B(Tn(xna dp (han), Zn+1))>

< b(xy) + %E(mn) =b(x,). U

Remark 4.4. a) Concerning the requirements on a local lower bounding function in Lemma
3] it should be noted that p,( — b(Th(z,a, Zn11))) < —ab(x) is a stronger assumption
than

o (b(Tn (2,0, Zny1))) = ab(z). (4.1
)

0. Consequently, we have by Lemma [2.3]
~—Pn (b(Tn(:E, a, Zn—i-l))) = ‘pn (b(Tn(x, a, Zn—l—l))) | < Pn< ‘b(Tn(ﬂj, a, Zn—l—l)) | >

= pu( = b(Ta(w.0, Zusn) ) < —abla).

Multiplying with (—1) yields (4.1)).

b) If the one-stage cost functions are bounded and the monetary risk measures py, ..., pN-1
normalized, the local bounding functions b, b can be chosen constant. Where we have used
Lemma or subadditivity in the proof of Lemma 3] one can then simply argue with
translation invariance. Note that normalization is no structural restriction for monetary
risk measures due to the translation invariance.

With the bounding function b we define the function space
By = {v: E — R | v measurable with A € Ry s.t. |[v(z)| < Ab(x) for all z € E}.

Endowing By, with the weighted supremum norm

|v(@)|
v||p = su
makes (By, || - [|[b) a Banach space, cf. Proposition 7.2.1 in [I8]. In case we have local bounding

functions as in Lemma [£.3] it holds

By = {v: F — R | v measurable with A € R s.t. |v(z)| < Ab(z) for all z € E}
= {v: F — R | v measurable with A € R, s.t. |v(z)| < Ab(x) for all z € E}
— B,
and the weighted supremum norms || - ||, || - ||» are equivalent.

Lemma 4.5. Let v € By, and n € {0,...,N —1}. Under Assumptions[31 (i) and[]-3 (ii) each
sequence of random variables

Cr = e, ap, Tn (@, aky Zns1)) + v(Tn(k, ag, Zny))
induced by a convergent sequence {(xy,ar)}ren in D, has an LP-bound C, i.e. |Cy| < C €
LP(Q, A,P) for all k € N.

Proof. There exists a constant A\ € R, such that |v| < Ab. Since D,, is closed by Lemma A.2.2
in [9], the limit point (xg,ap) of {(xk,ar)}ren lies in D,. Let € > 0 be the constant from
Assumption (ii) corresponding to (zp,ap). Since the sequence is convergent, there exists
m € N such that (zg,ar) € Be(zo,a0) N D, for all & > m. For the finite number of points
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x0,a0), (1,01), ..., (Tm,an) there exist bounding functions ©7:% ©¥;" by Assumption .2
n,l n,2
(ii). Thus, the random variable

€= max (@mi,ai(z) + A@ﬁffi(g))

n,l
is an LP-bound as desired. O

Let us now consider specifically Markov policies 7 € IIM of the controller. The subspace
B = {v € By : v lower semicontinuous}

of (Bp, ||*]|p) turns out to be the set of potential value functions under such policies. (B, ||-||p) is a
complete metric space since the subset of lower semicontinuous functions is closed in (B, || - ||b).
When we consider intervals [v, 9] C B with v,0: F — R s.t. v(x) < v(x) for all x € E, they are
to be understood pointwise

[v,0] ={veB:v(z) <v(x) <uv(x) for all x € E}.

Such intervals are closed even w.r.t. pointwise convergence and therefore form a complete metric
space as a closed subset of (B, || - ||p). In the sequel, the interval

I b5
will be of interest. We define the following operators on By, and especially on B.

Definition 4.6. For v € B, and a Markov decision rule d let

Lyv(z,a) = pp <cn(x,a,Tn(x,a, Zn+1)) + U(Tn(x,a, Zn+1))), (z,a) € Dy,
Tnav(z) = Lyv(x, d(x)), T €F,
Tov(x) = inf  Lyv(x,a), x e k.
a€Dy (z)
Note that the operators are monotone in v. Under a Markov policy m = (dg, ...,dn_1) € oM,

the value iteration can be expressed with the operators. In order to distinguish from the history-
dependent case, we denote policy values here with J. Setting Jyr(z) = cy(z), = € E, we obtain
forn=0,..., N—landzx e F

Inz(T) = pn (Cn (5177 dn(x), Tn(z, dn (), Zn—l—l)) + Jntin (Tn(x, dn (), Zn+1))) = ndan—i-lw(x)-
Let us further define for n =0,..., N — 1 the Markov value function
Jp(x) = inf Jur(z), re L.
rellM

The next result shows that V,, satisfies a Bellman equation and proves that an optimal policy
exists and is Markov.

Theorem 4.7. Let Assumptions [31 and be satisfied. Then, for n = 0,..., N, the value
function V,, only depends on x,, i.e. Vy(hy) = Jp(zy) for all hy, € Hy, lies in I = [b,b] CB
and satisfies the Bellman equation

JIn(z) = en(z),
In(x) = Tpdnt (), x € E.

Furthermore, for n = 0,...,N — 1 there exist Markov decision rules d), such that TpJp+1 =
Tndx Jn+1 and every sequence of such minimizers constitutes an optimal policy m = (dg, ..., dy_;).

Proof. The proof is by backward induction. At time N we have Vy = Jy = ¢y which is in B
by Assumptions 3] (iii) and (i). Assuming the assertion holds at time n + 1, we obtain for
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time n:

Va(hn) = f V()

= 1nf Pn (Cn (l‘n, n (l‘m dn(hn)a Zn+1)) ‘|‘Vn+17r (hna dn(hn), Tn($m dn(hn)a Zn+1)))
> ;Iellf:[pn (Cn(xnadn (xnadn(hn)azn—l—l))"i'vn—l—l (hnyd (h ) ($n,dn(hn),Zn+1))>
= 7Hellf_‘[pn (Cn(xna n (xnadn(hn)azn-‘rl)) + Jn-i—l( (xnadn(hn)azn-l—l)))

= anégfxn) Pn <Cn(xnaanyTn(xnaarnZn—i-l)) + Jn—i—l( (xnyanazn-‘rl)))- (42)

The last equality holds since the minimization does not depend on the entire policy but only on
ap = dy(hy,). Here, objective and constraint depend on the history of the process only through
r,,. Thus, given existence of a minimizing Markov decision rule dy, @2)) equals Tpqx Jn11(2n).
Again by the induction hypothesis there exists an optimal Markov policy 7* € IIM such that
Jnt+1 = Jnt11+. Hence, we have

Vn(hn) > 7;Ld,’;t]n+l(xn) = 7;Ld,*IJn+l7r* (xn) = Jn7r* (xn) > Jn(xn) > Vn(hn)

It remains to show the existence of a minimizing Markov decision rule d;, and that J,, € B. We
want to apply Proposition 2.4.3 in [9]. The set-valued mapping F > = — D, (z) is compact-
valued and upper semicontinuous. Next, we show that D,, 5 (z,a) — L,v(z,a) is lower semi-
continuous for every v € B. Let {(zy,ar)}ren be a convergent sequence in D, with limit
(z*,a*) € Dy. The function Dy, > (z,a) — cp(2,a,Th (2, a, Zpi1(w))) + v(Ta(z, a, Zns1(w))) is
lower semicontinuous for every w € ) as a composition of a continuous and a lower semicontin-
uous one. Consequently,
lim 1nf n (2o, a0, T (20, a0, Zns1)) + (T, ag, Zngr))

k—o00 £>

= h]?ilcgf Cn (xk, ag, Tn(xg, ag, Zn+1)) + U(Tn(a:k, ag, Zn+1))

> cp (:L"*,a*,Tn(x*, a®, Zn+1)) + U(Tn(:r*, a®, Zn+1)). (4.3)
The sequence {Cf}ren with

Cr(w) = ;§£C" (xg,ag,T(xg,ag, Zn+1)) + U(Tn($g,ag, Zn+1))

is measurable as the w-wise infimum of a countable number of random variables and increasing
for every w € . By LemmalL5] there exists a nonnegative random variable C' € LP(Q, A, P) such
that |Cy| < C for all k € N. Hence, {Cj }ren converges almost surely to some C* € LP(Q, A, P).
The Fatou property of the risk measure p,, implies

lim inf Lyv(2g, a) = hmmfpn <Cn(ﬂfk,ak,Tn($k,ak,Zn+1)) + U(Tn(xkaakyzn-l—l)))

k—o0

> lim inf p,, (C%)
k—o0

> pn(C”)
an<cn(x* a*, Tp(x*, a* Zn+1))+U(Tn(x*,a*,Zn+1)))
= Lyv(z*,a”).

The last inequality follows from (43]) and the monotonicity of p,. So we have shown the lower
semicontinuity of D, 3 (x,a) — L,v(z,a). Proposition 2.4.3 in [9] yields the existence of a
minimizing Markov decision rule d}, and that J,, = T'J,,4+1 is lower semicontinuous. Furthermore,
J,, is bounded by b and b according to Assumption (i). Thus, J, € I and the proof is
complete. O
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5. COST MINIMIZATION UNDER AN INFINITE PLANNING HORIZON

In this section, we consider the risk-sensitive recursive cost minimization problem with an
infinite planning horizon. This is reasonable if the terminal period is unknown or if one wants
to approximate a model with a large but finite planning horizon. Solving the infinite horizon
problem will turn out to be easier since it admits a stationary optimal policy. We study the
stationary version of the decision model with no terminal cost. Therefore, the risk measure may
no longer vary over time. We also require coherence as an additional property. Recall that if p
is finite on LP(£2, A,P), the Fatou property is already implied by coherence. Within the class
of distortion risk measures requiring coherence essentially means a restriction to spectral risk
measures. For spectral risk measures, finiteness is guaranteed if the spectrum ¢ lies in L?. Due
to coherence we can work with local bounding functions, see Lemma 431 We will see that if
the one-stage cost function is bounded, coherence can be dropped as a requirement on the risk
measure. Then, all distortion risk measures with the Fatou property are admissible. For clarity,
all assumptions of this section are summarized below.

Assumption 5.1. (i) There exist a,¢,€ > 0 with € + € = 1 and measurable functions b :
E — (—o00,—¢€|, b: E—>[€ 00) Suchthat for all (x,a) €

(e Tz, 2))) > bie). p(~b(T(x.0,2))) <
ple(z,a,T(x,a, Z))) b(), p((T(2,a,2))) <
(ii) We define b : E — [1,00), b(x) = b(z) — b(z). For all (:i (‘1) € D there exists an € > 0 and
measurable functions @7 03 : Z — R, such that ©7%(2),05%(Z) € LP(Q, A, P) and
lce(z,a,T(x,a,2))| <OT%(2), b(T(z,a,z2)) < 03%2)

for all z € Z and (z,a) € Be(z,a) N D. Here, Be(Z,a) is the closed ball around (z,a)
w.r.t. an arbitrary product metric on £ x A.

(iii) The law-invariant risk measure p : LP(£2, A,P) — R is proper, coherent and has the Fatou
property.

(iv) The discount factor 3 satisfies af < 1.

Due to discounting, the global bounding functions corresponding to b, b, b are given by
1 _ 1 - 1
b= b b= b and b=
T 1—-aB”’ 1—ap 1—ap
This can be seen as in the proof of Lemma [£.3]

Since the model with infinite planning horizon will be derived as a limit of the one with finite
horizon, the consideration can be restricted to Markov policies 7 = (dy,da,...) € IIM due to
Theorem 77 When calculating limits, it is convenient to index the value functions with the
distance to the time horizon rather than the point in time. This is also referred to as forward
form of the value iteration.

b. (5.1)

Definition 5.2. For v € B, and a Markov decision rule d let

Tav(z) = p<c(x,d(x),T(x,d(x), Z)) + 5U(T(x,d(x), Z))), rekl,
To(x) = aeig%)p(c(a;,a,T(m,a, 2)) + pv(T(z,a, Z))), z € E.

The value of a policy 7 = (dp,d; ... ) € IIM up to a planning horizon N € N now is
Ina(x) =Tgy 00 Tay_,0(x), z e k. (5.2)

In a non-stationary formulation the discounting is included in the one-stage cost functions and
therefore calibrated w.r.t. the fixed reference time zero. If the value functions are considered at
a later point in time, the non-stationary and stationary version differ by a discounting factor:

Jgon—stat( ) 5n Jstat ( )’ reFE, n=0,...,N.
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The reformulation (5.2]) makes it necessary to write the value iteration in terms of the shifted
policy @ = (dy,ds,...) corresponding to m = (dg, dy,...) € TIM:

Ina(@) = TagIn-12() = p(e(@, do(@), T(w, do(2), 2)) + BIn-12(T(w.do(2), 2)) ), @ € E.
The value function under planning horizon N € N is given by

JN($) = Wie%fM JNW($)7 T e E7

By Theorem [4.7], the value function satisfies the Bellman equation
JN(az) = TJN_l(a:) = TNO(x), rz ekl (5.3)
When the planning horizon is infinite, we define the value of a policy = € IIM as

Joor () = A}gnoo Inz(x), x € F. (5.4)

Hence, the optimality criterion considered in this section is
Jo(x) = inf Joor(2), x € FE. (5.5)
rellM
The next lemma shows that the infinite horizon policy value (4] and value function (&3] are
well-defined.

Lemma 5.3. Under Assumption [5.1, the sequence {JN,T}NeN converges pointwise for every
Markov policy m € TIM and the limit Joor is bounded by b and b.

Proof. First, we show by induction that for all N € N
Ina(x) > In_1x(z) + (@B)N1b(x), x € FE. (5.6)

For N = 1 it holds by Assumption 5.1 (i) that Ji,(z) > b(z) = Jor(2) + (2B)°b(x). For N > 2
it follows

() = p(e(z. do(@), T(w,do(x), Z) + BIx 12(T(w, do (), 2)) )
> (c(:z:,do T(x,do(x), Z) + BIn 22 (T(2, do(x), Z)) + BlaB) (T (w,do(x), 2)) )
> p(e(w, do(@). T(w,do(w), Z) + BTy —oz (T (w,do (x), 2)))
~ BlaB)N ( b(T(, do(x), 7))
> p(e(@, do(@), T(w, do(2), Z) + BIx—22(T (@, do(2), 2)) ) + (aB)N ' b(a)

= Jn-1x(2) + (Oéﬁ)N_lb(w)-

The first inequality is by the induction hypothesis, the second one is by Lemma together
with the positive homogeneity of p and the third one is due to Assumption 511 (i). Thus, (5.6))
holds. Applying this inequality repeatedly for N, N — 1,...,m yields

Ine(x) > Ty () + Z aB)fb(x) = Tpe(z) + ) (aB)Fb(2), (5.7)

where 0,,(7) = 370 (aB)*b(x) are non-positive functions with lim,, 00 dp () = 0. Hence,
the sequence of functions {Jyr}nen is weakly increasing and therefore convergent to a limit
function Joo, by Lemma A.1.4 in [9]. The global bounds (5.1]) also apply to the limit Joor,. O

Lemma 5.4. Given Assumption [5.1], the Bellman operator T is a contraction on I = [b,b]
with modulus af € (0,1).
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Proof. Let v € I. It has been established in the proof of Theorem 7 that T v is lower semicon-
tinuous. Furthermore,

To(x) > Thb(z) = aeig{x) p<c(m,a,T(:17, a,Z)) +

p
T aﬂb(T(x,a, Z))>

af

s
g (.0, 2))) 2 bia) + T 5b(@) = bla)

The second inequality is by Lemma together with the positive homogeneity of p and the
third one is due to Assumption [5.1] (i). Regarding the upper bounding function one can argue
similarly, using the subadditivity of p instead of Lemma

> aégfx)p(c(xj a,T(x,a, Z))) -

To(x) < Th(z) = aeig{ﬁ)p(c(m,a,T(w,a, 7)) + 1 _ﬁaﬂb(T(x,a, Z))>
. 15} - - af - _
< aelgf('x)p(c(m,a,T(a:,a, Z))) + T aﬁp<b(T(az,a, Z))) <b(x) + T aﬁb(az) = b(z).

Hence, the operator T is an endofunction on I and it remains to verify the Lipschitz constant
af. For vy,ve € I it holds

|Tv(z) — Toa(x)| < sup |Lvi(x,a) — Lvg(x,a)|

aeD(z)
< 5@231(3@ ,0< o1 (T(2, 0, Z)) = va(T(, 0, Z))] )

< ﬁagg%) /J(Hvl — v2[|pb(T (2, a, Z)))

= Bljor — vz\\baesgl(bx) p(E(T(w, a,2)) = b(T(z,a, Z)))

< Bllvr — vz\\baesgl(bx) [p(B(T(w, a, Z))) + p( = b(T(z,a, Z)))]

< apllor — vally b(w) — b(a)]
= afffjvr — va|pb(z).

Dividing by b(x) and taking the supremum over 2 € F on the left hand side completes the proof.
Note that the second inequality is by Lemma 2.3 the fourth one due to the subadditivity of p
and the last one by Assumption 5.1 (i). O

Under a finite planning horizon N € N we have characterized the value function with the
Bellman equation (5.3]). We will show that this is compatible with the optimality criterion of
the infinite horizon model (5.5]). To this end, we define the limit value function

J(x) :]\}gllmJN(a;), x €E.

Note that the limit exists since it follows from (5.7]) that Jy > J,, + 9, for all N > m which
implies the convergence.

Theorem 5.5. Let Assumptions (31 and[5.1] be satisfied. Then it holds:

a) The limit value function J is the unique fized point of the Bellman operator T in I = [b, b].

b) There exists a Markov decision rule d* such that Tg«J =T J.

c) Each stationary policy ©* = (d*,d*,...) induced by a Markov decision rule d* as in b) is
optimal for optimization problem (5.5l and it holds Joo = J.

Proof. a) The fact that J is the unique fixed point of the operator 7 in I follows directly
from Banach’s Fixed Point Theorem using Lemma [5.41
b) The existence of a minimizing Markov decision rule follows from the respective result in
the finite horizon case, cf. Theorem [4.7]
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c) Let d* be a Markov decision rule as in part b) and 7#* = (d*,d*,...). Then it holds

The second inequality holds by definition. Regarding the first one note that for any
7 € IM we have Jy(z) < Jnx(z) for all N € Ng. Letting N — oo yields J(z) < Joor ().
Since m € IM was arbitrary we get J(x) < inf e Joor (¥) = Joo(). It remains to show

Joor+(x) < J(x), x € FE. (5.8)
To that end, we will prove by induction that for all N € Ny and z € F

«a N
(@B b2, (5.9)

J(x) > TN (x) +

1—af”
Letting N — oo in (5.9) yields (5.8]) and concludes the proof. For N = 0 equation (5.9])
reduces to J(x) > ﬁb(x) = b(x), which holds by part a). For N > 1 the induction

hypothesis yields

N-1
J(x) =T J(x) > Tgr <JN—17T* + %Q (x)

> ,0<c(x, d*(2), T(w,d* (), Z)) + BN 1 (T(x, d* (), Z)))

(ap)N ! ]
g p(T Z
B o~ b( e (), 2)))
(aB)™

> * - .

2 Iy (2) + 17— aﬁb(x)
The second inequality is by Lemma together with the positive homogeneity of p and
the last one is by Assumption 5.1 (i). O

Let us now consider the special case that the one-stage cost is bounded, i.e.
(B) there exist b € R_ and b € Ry such that b=b—b > 0 and b < ¢(z,a,T(z,a,Z)) < b
P-f.s. for all (z,a) € D.
Then, Assumption 5.1 (i) is satisfied with @ = 1 and part (ii) is obvious. Part (iv) of the
assumption reduces to g < 1.

Corollary 5.6. Given (B), Lemmata[5.3, and in case Assumption[31lis satisfied, Theorem
hold for any normalized monetary risk measure with the Fatou property.

Proof. The steps in the proofs that where justified by Lemma 23] subadditivity, positive homo-
geneity or Assumption 5.1 (i) now hold due to translation invariance and normalization. Nothing
else has to be changed. ([l

6. CONNECTION TO DISTRIBUTIONALLY RoOBUST MDP

We consider the stationary version of the decision model with no terminal cost under both
finite and infinite horizon in this section. If the planning horizon is finite, stationarity is only
assumed for convenience and everything can be transferred to a non-stationary setting purely
by notational changes. Let the risk measure p be proper and coherent with the Fatou property.
By inserting the dual representation of Proposition 24 in the Bellman equation, we get

Jn(z) =0,
Tolw) = int sup B (2,0 T(@,0,2)) + Bui1 (T(z,0,2))|,  w€ B,

i.e. the Bellman equation of a distributionally robust MDP as considered in [5]. Under some mi-
nor technical assumptions we have indeed a special case of the distributionally robust MDP and
thus obtain a global interpretation of the recursively defined risk-sensitive optimality criterion.
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Due to the independence of the disturbances we can w.l.o.g. assume that the underlying
probability space has a product structure (2, 4,P) = Q. (1, A1, P1) with Z,(w) = Z(wy)
only depending on component w, of w = (w1,ws,...) € Q. For a policy ™ = (do,dy,...) € ITM
of the controller and v = (y9,71,. .. ), where 7, : D — Q is measurable, we define the transition
kernel

Q7 (Blz,a) = /]lB(T(:n,dn(x),Z(w)))yn(dwu,dn(x)), BeB(E), z ¢ E,
and the law of motion Q7" = 4§, ® Q;” ® Q7" ®... The set of all possible laws of motion under
policy m € IIM is denoted by Q. = {Q%" : v € I'} with T' being the set of all possible 7.
Theorem 6.1. Let Assumption [51 be fulfilled with the following tightening in part (i):
o (@0, T(@0,0,2) < -b@),  p(c* @0, T(w,0,2) <Be),  (@,a) €D,

Furthermore, let the underlying probability space have a product structure as above and let the
probability measure Py on (1,.A1) be separable. Then, for N € NU {oco} it holds

N-1
Ivw) = inf sup BT ];) B e X, di(X), X 1) (6.1)

Proof. We need to verify Assumption 3.1 in [5]. Then, the assertion follows from Theorem 3.10
therein for the finite horizon case and from Theorem 4.18 in [16] for the infinite horizon case.
Part (i) holds since we have for all Q € Q and (z,a) € D

Q- (z,a T,a inf B¢ [—¢ (z,a T, a = —supE? (¢ (z,a T,a
E® [ (HT(,,Z))]ZQGfQE [—c(z,a,T(,a,Z))] QGZE [¢™(z,a,T(2,a,Z))]

= —p(c (z,a,T(x,a,2))) > b(z),

EC[W(T(2,a,2))] 2 (5anEQ B(T(x,a,2))] = — sup E® [-b(T'(z, a, Z))]
€ Q

= —p(=b(T(x,a,2))) > ab(),

EQ [C+($, a, T(.Z', a, Z))] < sup ]EQ [C+($, a, T(.Z', a, Z))] = p(c+(x, a, T(.Z', a, Z))) < b(x)a
QeQ
EQ [6(T(z,a,2))] < sup EQ [6(T(z,a,2))] = p(b(T(z,a,2))) < abz).
QeQ
Part (ii) equals Assumption [ (ii). Finally, part (iii) holds since p(X) = maxgeg E?[X] by
Proposition 2.4l where Q@ C M1(Q, A, P) is weak* compact and therefore norm bounded by the
Banach-Alaoglu Theorem 6.21 in [2]. O

It is readily checked that for a fixed policy m € IIM of the controller 5(X) = SUPQeq, EQ[X],
X € LP(Q,A,P), defines a coherent risk measure. If the stage-wise applied risk measure p
is spectral and the model data has certain monotonicity properties, one can choose 9 to be
independent of 7, cf. Lemma 6.8 and subsequent remarks in [5]. In this case, the recursive
minimization of spectral risk measures is equivalent to the minimization of a non-standard
coherent risk measure applied to the total cost.

Besides, one can reformulate (6.1) to

N—1
_ ™Y k
Tn(w) = inf Sup B kZ:O B (X, di(Xk), Xps1)

with the interpretation of a Stackelberg game of the controller against a theoretical opponent (na-
ture) selecting the most adverse disturbance distribution in each scenario. Here, v = (y0,71,---)
with 7, : D — Q is a Markov policy of nature. This game is extensively studied in [5]. From this
perspective we get another global interpretation of the recursively defined objective function as
robust minimization of the expected total cost.
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7. RELAXED ASSUMPTIONS FOR MONOTONE MODELS

The model has been introduced in Section [B] with a general Borel space as state space. How-
ever, in many applications the state space is simply R. In this case, the assumption on the
transition function can be relaxed to semicontinuity when the transition and one-stage cost
function have some form of monotonicity. For notational convenience, we consider the station-
ary model with no terminal cost under both finite and infinite horizon in this section. We replace
Assumption [3.1] by

Assumption 7.1. (i) The state space is the real line £ = R.
(ii) The sets D(z) are compact and R 5 x — D(x) is upper semicontinuous and decreasing,
ie. D(z) 2 D(y) for z < y.
(iii) The transition functions 7" is lower semicontinuous in (z,a) and increasing in .
(iv) The one-stage cost function c is lower semicontinuous in (z, a, ') and increasing in (z, z').

How do the modified continuity assumptions affect the validity of the results in Sections @]
and B’ Lemmata E3] A5l (.3 and [5.4] were proven without using the continuity of T'. Thus,
only Theorems 7] and need to be looked at.

Proposition 7.2. Let the new continuity and monotonicity Assumptions|[7.1] be satisfied. Then,

a) under Assumption[].2, the assertion of Theorem [J.7 remains true.
b) under Assumption 51, the assertion of Theorem remains true.

In both cases, the value functions are increasing and the set of potential value functions can be
replaced by B = {v € By, : v lower semicontinuous and increasing}.

Proof. In the proof of Theorem 7] the continuity of T is only used to show that D > (z,a)
Lv(z,a) is lower semicontinuous for every v € B. Due to the monotonicity assumptions,

D3 (z,a) = c(x,a,T(z,a, Z(w))) + pv(T(z,a, Z(w)))

is lower semicontinuous for every w € ). Now, the lower semicontinuity of D 3 (z,a) — Lv(x,a)
and the existence of a minimizing decision rule follow as in the proof of Theorem 7l The fact
that T is increasing for every v € B follows as in Theorem 2.4.14 in [9]. Theorem [5.5] uses the
continuity of T only indirectly through Theorem .7 O

With the real line as state space, a simple separation condition is sufficient for Assumptions

(i) or B.1 (ii).

Lemma 7.3. Let there be upper semicontinuous functions 91,92 : D — Ry and measurable
functions ©1,09 : Z — Ry which fulfill ©1(Z),02(Z) € LP(Q, A, P) and

|C(l‘, a, T($7 a, Z))| < 191(:177 a) + @1(Z), b(T(:Ev a, Z)) < 192(337 CL) + @2(Z)
for every (z,a,z) € D x Z. Then Assumptions[4.3 (ii) and[51 (i) are satisfied.

Proof. Let (z,a) € D. We can choose € > 0 arbitrarily. The set S = [T —¢€,Z + €] X D(Z — €) is
compact w.r.t. the product topology by the Tychonoff Product Theorem 2.61 in [2]. Moreover,
B.(z,a) N D C S since the set-valued mapping D(-) is decreasing. Due to upper semicontinuity
there exist (z;,a;) € S such that J;(x,a;) = sup(, )cg Vi(x,a), i = 1,2. Hence, one can define

O7(-) = Vi(ws, a;) + 65(-), i=1,2

(2

and Assumptions (ii) and [5.1] (ii) are satisfied. O

A monotone model not only allows for weaker assumptions on the transition function, but
also requirements regarding the risk measure may be relaxed. In the following, we study two
such cases: local bounding and infinite horizon cost minimization with bounded below cost.

Firstly, the existence of a global upper and lower bounding function can be guaranteed by
suitable local bounding functions as in Lemma 4.3l However due to the monotonicity properties
of the model, the risk measure does not need to be coherent. E.g. spectral risk measures can be
replaced by other distortion risk measures.
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Lemma 7.4. Let Assumption [7.1] be satisfied and the monetary risk measure p be positive
homogeneous and comonotonic additive. If there exist e,€ > 0 with e+¢€ = 1, increasing functions

b:R— (—o0,—¢], b: R — [€,00) and a constant o > 0 such that o5 € (0,1) and

o(ele,a,T(z,a, 2))) > ble), p(b(T (2,0, 2))) > ab(z),
p(c(a, 0, (a0, 2))) < b(x), p(B(T (@0, 2))) < ablx),
for all (z,a) € D, then
1 _ 1 -
bzl—aﬁb and bzl—aﬁb

are global lower/ upper bounding functions and Assumption[{.Z (i) holds.

Proof. We proceed by backward induction. At time N there is nothing to show. Assuming the
assertion holds at time n + 1, it follows for time n:

Vir (hn) = p(c(xn, A (hn)y T2y dn(hn), Z)) + BV 1 (B, s (), T, oy (i) Z)))

> p(c(mn,dn(hn),T(xn,dn(hn),Z)) + b(T(a;n,dn(hn),Z)))

B
1—ap

= p((e(n: dn(hn), (@, duhn), 2)) ) + 1 5 aﬁp(b(Tm,dn(hn),Z)))
o
> - =
> b(xn) + 1- aﬂb(xn) b(zy),
w €I, hy, € H,. The second equality is by the comonotonic additivity and positive homogeneity
of p. Regarding the upper bounding function one argues analogously. O

In Lemma [7.4] the local bounding functions are assumed to be increasing, which was not
necessary in Lemma 3l Also note that we only have to require p(b(T(z,a,Z2))) > ab(z),
(z,a) € D which is weaker than the corresponding assumption for the model with general state
space, cf. Lemma [£.3] and Remark [£.4]

As a second example, where the assumptions on the risk measure can be relaxed, we consider
infinite horizon cost minimization with bounded below cost. For absolutely bounded cost func-
tions we already showed in Corollary that a coherent risk measure is not necessary to solve
the infinite horizon problem. This result is very general regarding the risk measure but very
restrictive concerning the one-stage cost. The monotone model allows for a middle course.

(B™) There exist b < 0, € > 0 and a > 1 with &—b = 1 and an increasing function b : R — [€, 00)
such that c(m,a,T(:E, a, Z)) > b P-fs. and

plela,a,T(w,a,2))) < bla), p(b(T(x,0.2))) < ab(a).
for all (z,a) € D.
W.lo.g. we assume « > 1 since then p(—b) = —b < ab due to translation invariance and

normalization. Otherwise one would need separate alphas for the lower and upper local bounding
function. If the risk measure is comonotonic additive and positive homogeneous, the objective
function is globally bounded under (B™) due to Lemmal[-4land Theorem . 7lremains true. Under
an infinite planning horizon, the assertion of Theorem can be proven without requiring a
coherent risk measure. When we refer to the interval I = [b,b] in the following, it is to be
understood as a subset of the modified function space B as in Proposition

Proposition 7.5. Let Assumptions[7.1 and[5.1] be satisfied with the modification that part (i) is
replaced by (B~ ) and part (iii) by the requirement that p is a law invariant, comonotonic additive
and positive homogeneous monetary risk measure with the Fatou property. Then it holds:
a) The sequence {Jnr}Nen converges pointwise for every Markov policy m € oM and the
limit function Joor is bounded by b and b.
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b) The Bellman operator T is a contraction on I with modulus af € (0,1) and the limit
value function J is the unique fized point of T in I.

c) There exists a Markov decision rule d* such that Tg«J = TJ, each stationary policy
™ = (d*,d*,...) induced by such a Markov decision rule is optimal for optimization
problem ([B.B) and it holds Jo = J.

Proof. a) We show by induction that for all N € N
Ine () > In_1x(x) 4+ (@B)N 10, z €R. (7.1)

For N = 1 it holds due to (B™) that Jix(z) > b= Jor(z) + (aB)%b. For N > 2 it follows
with the monotonicity and translation invariance of p that

Ine (@) = Tag In-12(2) > Tay (In—27 + (@B)N72b) (x) = Ty In—22(x) + B(aB)N %D
> TapIn—27(x) + (aB)N b = In_1x(z) + (aB)V .
Thus, (7)) holds. Applying this inequality repeatedly for N, N — 1,...,m yields

e}

Ine () > T () + Z aB)*b > Jor (@) + Y (aB)*D

Since Zzozm(ozﬁ)kb is non-positive and converges to zero as m — oo, the sequence
{Jn=}Nen is weakly increasing and hence convergent to a limit Jo, by Lemma A.1.4
n [9]. Clearly, the global bounds b, b(-) also apply to the limit Juor.

b) Let v € I. Due to Proposition To is increasing and lower semicontinuous. Further-
more, the monotonicity and translation invariance of p imply

Tv(x) > Tb(z) =T0(x) +b>b+ —iﬂ_ =b
Regarding the upper bounding function it follows from the comonotonic additivity and
positive homogeneity of p that

Tv(x) < Th(z) = aégf(’w)p( c(z,a,T(z,a,2Z)) + 1 —ﬁaﬂ (T(z,a Z)))
_ B_ (3
= aelgf(.x)p< (:E,a,T(x,a, Z))) + T aﬁp<b(T($,a, Z)))
_ af - _
< =b(z).
< b(a) + T2zb(z) = b(a)
L.e. 7 is an endofunction on I and it remains to verify the Lipschitz constant. For vy,vs € I

it holds
Tui(z) — Tua(z)
< sup Lwi(z,a) — Luy(xz,a) = B sup p(vl (T(a:,a, Z))) - p(vg(T(az,a, Z))>

a€D(x) a€D(z)
— ﬁaesg%) p(vl (T(z,a,2)) —va(T (2,0, Z)) + vo(T(z, a, Z))) - p(vg(T(az, a, Z))>
< ﬁaesglé)m)p(\\vl —vlpb(T(z,a,Z)) +v2 (T (2, q, Z))> - p(vg (T'(z,a, Z))>
= |lvr — v2lsB S p<b(T(wa a, Z))) = |lv1 — vallsB S [P(B(T(%C% Z))) - b}

< afllor — vallp[b(x) — b] = aBflvr — vallpb(x).

The first equality is by comonotonic additivity and positive homogeneity. Since b is
constant, b(-) = b(-) — b is an increasing function and so is vy. Therefore, the third
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equality is again by comonotonic additivity. The last inequality is by (B™) using o > 1.
Interchanging the roles of vy and vy yields

|Tv1(x) — Tva(x)| < aBllvr — vao|lpb(z).

Finally, dividing by b(x) and taking the supremum over x € R shows that 7 is a contrac-
tion and Banach’s Fixed Point Theorem yields the assertion.

c¢) The existence of a minimizing Markov decision rule follows from Proposition With
the same argument as in the proof of Theorem B.5] the relation J < Jy < Jsor holds
for any policy and it remains to show that J.,« < J for the specific policy 7*. To that
end, we will prove by induction that J > Jyz« + (aB8)¥b for all N € Ng. Then, letting
N — oo concludes the proof. The case N =0, i.e. J(x) > ﬁb, holds by part b). For
N > 1 we have

J(x) = Ta-J(2) > Tar (In-t1ns + (@B)V D) (2) = Tor In—12+(z) + B(aB)V 'b
2 7;[’“]]\/'—1#* ($) + (aﬁ)Nb — JNW* (:E) + (aﬁ)Nb

The first inequality is by the induction hypothesis and the monotonicity of p, the equality
thereafter is by translation invariance and the second inequality holds since o > 1. O

8. EXAMPLES

In this section, we present some applications of the results in the previous sections. In
particular we show that often structural results about optimal policies which are know from the
classical iterated expectation case still hold under more general risk measures.

Example 8.1 (Value-at-Risk is Myopic in Monotone Models). In a monotone model as in
Section [1l where the one-stage cost function does not depend on the controller’s action, i.e.
c(x,a,2") = c¢(x,2’), recursive decision making with Value-at-Risk is myopic. This can be seen
as follows. Let Assumptions [(.1] and (i),(ii) be satisfied. The Bellman equation here reads

JIn(x) =0

Jn(x) = igf(’ )VaRa (c(z,T(z,a,2)) + BIns1(T(z,a,2))), n=0,...,N—1
acD(x
We can now interchange VaR with the increasing lower semicontinuous (i.e. left-continuous)
function h(z’') = c¢(x,2’) + BJny1(2’), o' € R by properties of the quantile function (see e.g.
Proposition 2.2 in [4]). Doing this we obtain

Jo(z) = inf h(VaRa(T(z,a,2))) =h < inf VaR,(T(z,a, Z))> .
aeD(x) a€D(x)
Hence, the minimizer of a — VaR, (T (z,a, Z)) induces an optimal decision rule for each stage.
In particular the optimal policy is stationary and does not depend on time.
Note here that we can interpret a spectral risk measure as a Value-at-Risk criterion with
unknown parameter o which has a prior distribution given by the density ¢. However, since we
apply it recursively at each stage, learning of the parameter is not possible.

Example 8.2 (Stopping Problems). Let us consider the following standard stopping problem:
Suppose a real-valued Markov chain (X,,) C L? is given by X,,+1 = T(X,, Z,+1) where (Z,,) is
an i.i.d. sequence of random variables. We are allowed to observe the Markov chain and when
we stop it in state z we have to pay the cost ¢(z). In case we do not stop we have to pay the
fixed cost ¢. We have to stop no later than time point N. Suppose Assumptions (i) and
(ii) are fulfilled. The risk measure p is simply monetary and finite. The Fatou property is not
needed here since the existence of minimizers is immediate. The Bellman equation is

In(z) ==,
Jn(x) =min {p(c(z)); p(c+ BIpt1(T(x,Zn11))) }
=min {p(c(z)); ¢+ p (BIns1(T (2, Znt1))) }, n=0,...,N—1.
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In the well-known house selling application for example X, is the offer for a house at time n
that we may buy. When we decide to buy it we have to pay the price, i.e. ¢(x) = z. In case we
do not buy, we still have to pay the rent ¢. Offers are here assume to be i.i.d. Thus, the Bellman
equation specializes to

In(z) =z,
Jn(z) =min{p(z);¢+ p (BIn+1(Zn+1))}, n=0,...,N—1.

Thus, when we define

tn =sup{z € R:p(x) <+ p(Bnt1(Zn+1)) }

then the optimal policy obviously is to buy at time n if x < t,, otherwise not. Hence the
optimal strategy is still a threshold policy, but the thresholds depend on p. For example if p is
normalized and p(X) > EX (this is e.g. satisfied for Average-Value-at-Risk or the Entropic risk
measures) then ¢, > t£ where tZ belongs to the case p = E. Hence, under the risk measure we
will accept an offer earlier.

Example 8.3 (Casino Game). Suppose we have to play N-times the same game and decide
how much of our current capital we should bet. Outcomes are either a gain or a loss and given
by i.i.d. random variables (Z,), with P(Z,, = 1) = p =1—P(Z, = —1). Note that the Z,, are
bounded. We assume that the risk measure is monetary, law-invariant, positive homogeneous
and has the Fatou property. We want to minimize the risk of a loss. Note that Assumptions B.1]
and are satisfied. The Bellman equation is

JIn(z) = —x,
Jn($) = 0<H;£x/0 (Jn—i-l (T(x,a, ZTL+1))) ’
zogigixp(JnJrl(:E—l—aZ)), n=0,...,N—1.

It is then easy to see by induction that the optimal policy is stationary and given by

* _ 0, p(_Z) >0,
& (z) = { x, p(=Z)<0.

From the monotonicity and law-invariance of p it follows that there exists p* € [0, 1] such that

* 0, p<p,
rw={ % 13P

In case p(—Z) < 0, bold-play is best and we obtain by induction that J,, () = —x(1—p(—2Z))N ™.
When p is additionally convex (which then means coherent) and the game is fair (p = %), we
obtain since 0 <., —Z, in convex order implying that 0 = p(0) < p(—Z) (see Theorem 3.4 in
[8]) and it is obviously best not to play.

Example 8.4 (Cash Balance). In a cash balance problem the aim is to keep the cash level of
a company close to zero, because a negative cash level means we have to pay interest and a
positive cash level creates opportunity cost (see Section 2.6.2 in [9]). We assume that a convex
function L : R — Ry with L(0) = 0 gives the cost of deviating from zero. The cash level is
subject to random changes which are modelled as i.i.d. random variables (Z,). It is possible to
increase or decrease the cash level at the beginning of each period by paying transfer cost. The
transfer cost ¢ : R — Ry are assumed to be piecewise linear:

c(2') = cu(2)T + cq(a)™

with ¢, cq > 0. Of course the state is here the cash level and we choose the action to be the new
cash level. Hence the transition function is T'(z,a,z) = a — z. We consider the infinite horizon
problem and suppose that Assumption [5.1] is in force. Assumption [3.1]is here satisfied, except
for the compactness of the admissible actions which are here R. However, it can be seen that it
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is possible to restrict to a compact level set (see Section 2.6.2 in [9] for details). The Bellman
equation for the infinite horizon problem is here

Joo(z) = 21€1H[£p(c(a —z)+ L(a) + B (a — Z))

= sup {c(a—z)+ L(a) + Bp(Je(a — 2))}

Now we can proceed exactly in the same way as in the classical case (see Section 2.6.2 in [9] for
details) since the functions

hu(a) = (a—z)ey + L(a) + Bp(Jla — Z))
ha(a) = (z—a)ca+ Bp(Ju(a— Z))
are still both convex under our assumption that p is convex. We obtain:

Proposition 8.5. For the cash balance problem with infinite horizon it holds under Assumption
21

a) There exist critical levels S— and Sy such that
(S- —z)ew + L(S2) + Bp(Joo(S- — Z))  ifw < S
Joo() = L(z) + Bp(Joo(z — Z)) ifS_ <z < Sy
(x — Sy)ea+ L(St) + Bp(Joe (St — 2))  if x> Sy,

Jso 18 coOnvex.
b) The stationary policy (f*, f*,...) is optimal with

S_ ifr<S_,
ff(x) = x  ifS_ <z <S8, (8.1)
S+ ife > S+,

Of course the switching points S_ and ST depend on the choice of the risk measure p.
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