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Abstract— In this paper, we present a discretization algorithm
for the solution of stochastic optimal control problems with
dynamic, time-consistent risk constraints. Previous works have
shown that such problems can be cast as Markov decision
problems on an augmented state space where a “constrained”
form of Bellman’s recursion can be applied. However, even
if both the state space and action spaces for the original opti-
mization problem are finite, the augmented state in the induced
MDP problem contains state variables that are continuous. Our
approach is to apply a uniform grid discretization approach.
This requires the development of novel Lipschitz bounds for
“constrained” dynamic programming operators. We show that
convergence to the optimal value functions is linear in the
step size, which is the same convergence rate for discretization
algorithms for unconstrained dynamic programming operators.
Simulation experiments are presented and discussed.

I. INTRODUCTION

Constrained stochastic optimal control problems naturally
arise in decision-making problems where one has to consider
multiple objectives. Instead of introducing an aggregate
utility function that has to be optimized, one consider a
setup where one cost function is to be minimized while
keeping the other cost functions below some given bounds.
Application domains are broad and include engineering,
finance, and logistics. Within a constrained framework, the
most common setup is, arguably, the optimization of a
risk-neutral expectation criterion subject to a risk-neutral
constraint [5], [1]. This model, however, is not suitable
in scenarios where risk-aversion is a key feature of the
problem setup. To introduce risk aversion, in [1] the au-
thors studied stochastic optimal control problems with risk
constraints, where risk is modeled according to dynamic,
time-consistent risk metrics [6], [17]. These metrics have
the desirable property of ensuring rational consistency of
risk preferences across multiple periods [17]. (In contrast,
traditional static risk metrics, such as conditional value at
risk, can lead to potentially “inconsistent” behaviors, see
[8] and references therein.) In particular, in [1], the authors
developed a dynamic programming approach that allows
to (formally) compute the optimal costs by value iteration
via a constrained dynamic programming operator. The key
idea is that due to the compositional structure of dynamic
risk constraints, the optimization problem can be cast as
a Markov decision problem (MDP) on an augmented state
space where Markov policies are optimal (as opposed to the
original problem) and Bellman’s recursion can be applied.
Henceforth, we will refer to such augmented MDP as AMDP.
However, even if both the state space and action spaces
for the original optimization problem are assumed to be
finite, the augmented state in AMDP contains state variables
that are continuous and lie in bounded subsets of the real
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numbers. Hence, apart from a few cases when an analytical
solution is available, the problem must be solved numerically.

Accordingly, the objective of this paper is to develop a
numerical method for the solution of stochastic optimal con-
trol problems with dynamic, time-consistent risk measures.
The approach is to discretize the continuous states in AMDP.
Numerical algorithms for the solution of continuous MDPs
is indeed a fairly mature field. In [9], [10], [11], multi-grid
state/action space discretization methods are developed with
bounds available on how fine the discretization should be
in order to achieve a desired accuracy. In [12], the grid for
discretization is chosen via randomized sampling techniques
and Monte Carlo methods. In [13], the value functions are
approximated by a finite number of basis functions. Variable
resolution grid sampling techniques have been proposed in
[14], [15], [16]. However, in general, these results assume
that the dynamic programming operator is unconstrained,
i.e., actions and future states are only constrained to lie
in their respective feasible sets. In contrast, the dynamic
programming operator for AMDP constrains actions and
future states in a more complicated fashion (see Section [[I| for
more details). This precludes the application of current ap-
proximation algorithms to the numerical solution of AMDP.

Our approach is to extend the uniform grid discretiza-
tion approximation developed in [11]. This requires the
development of novel Lipschitz bounds for constrained dy-
namic programming operators. We show that convergence
is linear in the step size, which is the same convergence
rate for discretization algorithms for unconstrained dynamic
programming operators [11]. The importance of our result is
fourfold. First, we provide a sound numerical method for the
solution of AMDP. Second, our results provide the basis to
develop more sophisticated approximation algorithms (e.g.,
variable grid size, reinforcement learning, etc.) for the so-
Iution of stochastic optimal control problems with dynamic,
time-consistent risk constraints. Third, a particular type or
dynamic, time-consistent “risk” constraint is, of course, the
risk neutral expectation. Hence, our results provide as a
particular case a numerical algorithm to solve the dynamic
programing equations that arise in traditional constrained
stochastic optimal control problems [5]. To the best of our
knowledge, this is the first practical algorithm to solve
such dynamic programming equations. Finally, the ideas and
techniques introduced in the current paper could be useful
for the development of approximation algorithms for other
types of constrained dynamic programming operators.

The rest of the paper is structured as follows. In Sec-
tion [l we present background material for this paper, in
particular about dynamic, time-consistent risk metrics and
stochastic optimal control with dynamic risk constraints [1].
In Section [[II| we present and theoretically study a uniform
grid approximation algorithm for the augmented MDP; in
particular, we show that the error bound is linear to the



discretization step size. In Section[[V] we study by numerical
simulations the performance of the proposed algorithm and
discuss details of implementations using Branch and Bound
techniques. Finally, in Section [V] we draw our conclusions
and offer directions for future work.

II. PRELIMINARIES

In this section we provide some background for the the-
ory of dynamic, time-consistent risk metrics and stochastic
optimal control with dynamic risk constraints, on which we
will rely extensively later in the paper.

A. Notations

In this paper, given a real-valued function f, dom(f)
denotes its domain and epif denotes its epigraph (i.e., the
set of points lying on or above its graph). Let v and u be
two probability measures on the same measurable space, then
v < i denotes that v is absolutely continuous with respect
to 4 (i.e., v(E) = 0 for every set E for which u(E) = 0).

B. Markov Decision Processes

A finite Markov Decision Process (MDP) is a four-tuple
(S,U,Q,U(+)), where S, the state space, is a finite set; U,
the control space, is a finite set; for every z € S, U(z) C U
is a nonempty set which represents the set of admissible
controls when the system state is x; and, finally, Q(-|x, u)
(the transition probability) is a conditional probability on S
given the set of admissible state-control pairs, i.e., the sets
of pairs (z,u) where z € S and u € U(x).

Define the space H}j of admissible histories up to time
kby H, = Hy,_ 1 xS x U, for k > 1, and Hy = S.
A generic element hgj € Hj is of the form hgp =
(zo,up, ..., Tk—1,Up—1,T). Let II be the set of all de-
terministic policies with the property that at each time k&
the control is a function of hgj. In other words, II :=

{{7‘1’0 . Hy — U7 T : Hi — U,...}|7Tk(h0)k)
U(xy) for all ho € Hy, k> 0}.

m

C. Dynamic, time-consistent, risk measures

Consider a probability space (€2, F, P), a filtration F; C
Fo--- C Fny C F, and an adapted sequence of random
variables Z, k € {0, -+, N'}. We assume that Fo = {Q, 0},
i.e.,, Zy is deterministic. In this paper we interpret the
variables Zj, as stage-wise costs. For each k € {1,--- N},
define the spaces of random variables with finite pth order
moment as Zj := L,(Q, Fx, P), p € [1,00]; also, let
Zk,N :ZZk Xoeee XZN.

Roughly speaking, a dynamic risk measure is said time
consistent if it is such that when a Z cost sequence is deemed
less risky than a W cost sequence from the perspective of a
future time &, and both sequences yield identical costs from
the current time [ to the future time k, then the Z sequence
is deemed as less risky at the current time /. It turns out that
dynamic, time-consistent risk metrics can be constructed by
“compounding” one-step conditional risk measures, which
are defined as follows.

Definition II.1 (Coherent one-step conditional risk mea-
sures). A coherent one-step conditional risk measures is a
mapping pr : Zr+1 — Zg, k € {0,...,N}, with the
following four properties:

o Convexity: pr(A\Z AMNW) < Mpp(Z) + (1 —

A)p(W), VA € [0, ]and W€ Ziya;

o Monotonicity: if < W then pip(Z) < pp(W)
VZ,W € Ziqr;

o Translation invariance: p,(Z4+W) = Z+p,(W),VZ €

Zrand W € Zyqq;
o Positive homogeneity: p,(AZ) = A\pp(Z), VZ € Zj11
and X > 0.

Then, the following results characterize dynamic, time-
consistent risk metrics [6].

Theorem IL.2 (Dynamic, time-consistent risk measures).
Consider, for each k € {0,---, N}, the mappings py n :
Zp N — 2y, defined as

e, N = Zi + pk(Zis1 + prs1(Zpgo + ...+
pN—2(ZN-1+ pn-1(ZN))-- ),

where the py’s are coherent one-step risk measures. Then,
the ensemble of such mappings is a time-consistent dynamic
risk measure.

(1)

In this paper we consider a (slight) refinement of the
concept of dynamic, time-consistent risk measure, which
involves the addition of a Markovian structure [6].

Definition I1.3 (Markov dynamic risk measures). Let V :=
L,(S,B,P) be the space of random variables on S with
finite pth moment. Given a controlled Markov process {xy},
a Markov dynamic risk measure is a dynamic, time-consistent
risk measure if each coherent one-step risk measure py :
Zry1 — 2y in equation (I) can be written as:

pe(V(wpg1)) = on(V(Trg1), Try Q(@rra |2, ur)), ()

forall V(zgy1) € V and u € U(xy,), where oy, is a coherent
one-step risk measure on V (with the additional technical
property that for every V(xgy1) € V and u € U(xy)
the function wy + o (V(Try1), Th, Q(Trtr1|Tr, ur)) is an
element of V).

In other words, in a Markov dynamic risk measures, the
evaluation of risk is not allowed to depend on the whole past.

D. Stochastic optimal control with dynamic, time-consistent
risk constraints

Consider an MDP and let ¢ : S xU — Rand d : S x
U — R be functions which denote costs associated with
state-action pairs. Given a policy m € II, an initial state
zo € S, and an horizon N > 1, the cost function is defined

as
JN(zo) :=FE [Zivz_ol c(xk,uk)},
and the risk constraint is defined as
Ry (wo) := po.n (d(ﬂﬁo,uo), s d(Ty-, UN—1)70>7

where pp n(+), k € {0,..., N—1}, is a Markov dynamic risk
measure (for simplicity, we do not consider terminal costs,
even though their inclusion is straightforward). The problem
is then as follows:

Optimization problem OP7 — Given an initial

state x¢ € S, a time horizon N > 1, and a risk

threshold ry € R, solve

min  Jx(zo)
subject to R} (x0) < 7o.



If problem OPT is not feasible, we say that its value
is co. In [1] the authors developed a dynamic program-
ing approach to solve this problem. To define the value
functions, one needs to define the tail subproblems. For a
given k € {0,...,N — 1} and a given state =, € S, we
define the sub-histories as hy ; := (Tg, uk,...,x;) for j €
{k,...,N}; also, we define the space of truncated policies
{me, Thsrs o i (hey) € Ulxy) for j >

k} For a given stage k and state xzj, the cost of the
tail process associated with a ]policy m € 1l is simply

x . N—-1
Tia) == B[ X5 elaj,uy)
the tail process is:

Ry (xk) := pr,N (d(xk, ug), . d(TN_1,uN_1), 0),

The tail subproblems are then defined as

as I, :=

The risk associated with

. JT 3
fellrﬁ ~(Tk) )
subject to  RY (zx) < rilxr), “4)

for a given (undetermined) threshold value 74 (x) € R (i.e.,
the tail subproblems are specified up to a threshold value).

For each k € {0,..., N — 1} and 2, € S, we define the
set of feasible constraint thresholds as

®p(zr) == [Ry(zr), Ryi], @n(zn) = {0},

where ﬂN({L‘k) = minﬁenk R}(/(xk), and RN,k = (N —
k) pmax- The value functions are then defined as follows:
o If kK < N and ry € O(xp):

IN (k)
subject to Ry (wg) < rg.

e il k<N and ry ¢ Pp(zk):

Vie(@k, 1) =§2erc

Vi, i) = 00;
e when k. = N and rny = 0:
VN(xN,rN) =0.

Let B(S) denote the space of real-valued bounded func-
tions on S, and B(S x R) denote the space of real-valued
bounded functions on S x R. For k € {0,...,N — 1},
we define the dynamic programming operator T[Vi41] :
B(S x R) — B(S x R) according to the equation:

Ty | Vi T, TE) = inf
Vel ) = dof

Y Qarsaler,u) Vk+1(xk+1,r’(mk+1))},

Tp41E€ES
(5)

{C(l‘k,U) +

where F}, is the set of control/threshold functions:

Fi(zk,mk) ::{(u, ')

u € U(xy),r'(z) € Ppy1 () for

all 2’ € S, and d(zg,u) + pr(r' (zr+1)) < rk}.

If Fk(a:k,rk) = (), then Tk[VkH](xk,rk) = 0.

Note that, for a given state and threshold constraint, set
F}, characterizes the set of feasible pairs of actions and
subsequent constraint thresholds.

Theorem I1.4 (Bellman’s equation with risk constraints).
For all k € {0,...,N —1} the optimal cost functions satisfy
the Bellman’s equation:

Vie(wr, k) = T [Vt (zr, 1)
E. Representation theorems

A key result that will be heavily exploited in this paper is
the following representation theorem for coherent one-step
conditional risk measures.

Theorem IL.S. py : Zy11 — Zi is a coherent one-step
conditional risk measure if and only if

pr(Z(xp11)) = sup PIRICAVACD
E€UR+1(k,Q(Try1|Th,ur)) z'€S
(6)
where
Up i1 (zr, Q) =
{§ e M | § < Q7 Z 5(1'/)2(1'/) < pk(Z), VZ € Zk;Jrl}’
z'eS
and
M= {g eRIFID " ¢(a) =1, &) > 0,Va' € s} .
z’'eS

For Z € Z, C L,(,F,P), Ugs1(zk, Q) is a subset

of Ly(Q, F,P), where Ly(Q,F,P) is the dual space of
L,(Q,F,P), for1/p+1/g=1and p,q € [1,00].

Proof. Refer to Theorem 6.4 in [17] and references therein.
O

The result essentially says that any coherent risk measure
can be interpreted as an expectation taken with respect to a
worst-case measure, which is chosen from a suitable set of
test measures [8].

Furthermore, by Moreau-Rockafellar Theorem (Theorem
7.4 in [17]), it implies Uy+1(2k, Q(Tp+1|2k, ur)) = Opr(0),
when the transition probability kernel is Q(zgy1|Tk, k).
The next Theorem implies a basic duality result on coherent
risk measures.

Theorem IL6. p; Zry1 — Zy is a coherent one-
step conditional risk measure, if and only if there exists
a bounded, non-empty, weakly* compact and convex set:
U1 (2, Q(Tpy1|Tr, ug)) such that equation (@ holds.
Furthermore, if py is a coherent risk measure, then it is con-
tinuous and sub-differentiable in Zjy1, also if dom(py) =
{Z € Zy11 : pr(Z) < oo} has an non-empty interior, then
Pk 1S finite valued.

Proof. See Proposition 6.5, Theorem 6.6 and Theorem 6.7
in [17]. O

Since the analysis of this paper is restricted to
finite state and action spaces, from this theorem,
Ukt1(zk, Q(zk41|Tk,ug)) = 0Jpr(0) is a non-empty,
convex, bounded and compact set in RI°!I. By extreme value
theorem, the supremum in equation (6) is attained.



III. DISCRETIZATION OF THE CONTINUOUS RISK
THRESHOLDS IN CONSTRAINED DYNAMIC PROGRAMMING

In the previous section, we have shown that the constrained
stochastic optimal control problem can be solved using value
iteration (See Theorem [[L4). However, the constant risk
threshold 7, in value function Vj(zg, 7 ), k € {0, ..., N—1}
is a continuous state. This results in numerical complexity
when value iteration is performed. Therefore, in this section,
we consider a numerical approximation algorithm using
discretization. First of all, from the dynamic programming
operator possess several nice properties:

Lemma IIL.1. Let V,V € B(S xR) be real-valued bounded
functions and T;[V] : B(S xR) — B(S xR) be a dynamic
programming operator in given in B(S x R) whose expres-
sion is given by equation for any k € {0,...,N — 1}.
Then, the following statement holds:

1) Monotonicity: For any (v,r) € B(S x R), if V<V,
then T [V](z,r) < Ti[V](x, 7).

2) Constant shift: For any real number L and (z,r) €
B(S xR), T[V + L|(z,r) = Tk [V](z,r) + L, where
(V+L)(x,r):=V(z,r)+ L, V(z,r) € B(S xR).

3) Non-expansivity: For all V,V € B(S xR), [|[Tx[V] —
Te[Vllloo < |V = Voo, Where || - || is the infinity
norm of a function.

Next, we introduce the method for constrained dynamic
programming with discretized risk thresholds and updates.

A. Dynamic programming with discretized risk thresholds
and updates

For k € {0,...,N — 1}, we will partition ® () into

¢+ 1 partitions using ¢ grid points: {r(l) .. ,f,it)} for every

fixed x;, € S. The step size of discretization of the risk
thresholds 7, is A. For 7 € {0,...,t}, define the discretized

region ®\" () = [r,(:)m,(fﬂ)) where r\*) = Ry (2) and
(tH) = RN;C + €, for arbitrarily small € > 0. We also

deﬁne D (1) = {7“ . r,(ctﬂ)} to be a finite state of
risk threshold at step k Let 7 € {0,...,t} such that ry €

<I>(T)( 1). Now, define the approximation operator T, for
T €S, 1) € (I)(T)( )

TR o [V(zr, i) = TR [V](k, r{7) (7)

where

TR V1(xk, rs) := min Tk, U
A,k[ ]( k k) (u7T-D’/)EFD(92k7rk){ ( g )

+ Y Q|

z'esS

WV, rD~’<x’>>},
()

where F}P is the set of control/threshold functions:

FP(xp,ry) == {(u,r’) u € Ulzy), r27(2') € Bpyq(2)),

Vi’ € S, d(zg,u) + pr(rP (z141)) < rk}.

If FP(zy, k) =0, then Tgk[Vk+1}(xk,rk) = o0.
By construction, we can see the set of optimal solution of
TR p[V1(2k, %) is a subset of feasible space for the problem

described by Ty [V](zk, k) (since FkD(mk,rk) C Fi(xp,rg)
and r,(;) < k). Because the solution of Tg’k[V] (g, k)
is an infimum over a finite set, the problem in (/) is a
minimization. Also, based on similar proofs, the dynamic
programming operator T? k[V} satisfies all the properties
given in Lemma |[[ The main result of this section is to
obtain a bound of the differences between T}, [V])(z, r) and
TR [V1(2k, %), which will be given in the next subsection.

B. Error bound analysis

First, we have the following assumptions for the following
analysis:
Assumptions for discretization analysis:
1) There exists M., My > 0 such that

|C(.’E,U) - C(xaﬂ” < MC|U - ﬂ|7
|d(z,u) — d(z,q)| < Mg|lu—ql,

for any x € S, u,a € U(x).
2) For any u,@ € U(xy), there exists My > 0
such that

> 1Q(

z'eS

Nk, u) — Q' |k, @)| < My|lu—il.

Assumptions (1)) to (2 are the critical assumptions required
to perform error bound analysis in this section. First, we
have following Proposition showing the Lipschsitz-ness of
set-valued mapping Uy 41 (zx, Q).

Proposition II1.2. For any § € Uy1(wx, Q), there exists a
M¢ > 0 such that for some & € U1 (zk, Q),

>l — €6l < Me Y | @)

z’'eS z'eS

Proof. From Theorem we know that Uy 1 (zg, Q) is a
closed, bounded, convex set of probability mass functions.
Since any conditional probability mass function @ is in the
interior of dom(Uy11) and the graph of Uyyi(xk, Q) is
closed, by Theorem 2.7 in [18], Uy+1(zk, Q) is a Lipschitz
set-valued mapping with respect to the Hausdorff distance.
Thus, for any § € Upt1(zg, @), the following expression

holds for some M, > 0:
o) < Mgy ’Q

inf > |¢(
z'eS

E€llyy1(21.Q) 2es

Next, we want to show that the infimum of the left side
is attained. Since the objective function is convex, and
Z/{kﬂ(xk,Q) is a convex compact set, there exists § €
Up+1(zk, Q) such that infimum is attained. O

Next, we provide a Lemma that characterizes an upper
bound for the magnitude of the value functions.

Lemma IIL3. For k € {0,..., N — 1}, the following bound
is given for the value function Vi, (g, rk): ||[Villoo < (N —
k)Cmax, Where

max
(z,u)eSxU

Conaxe 1= le(z,w))]. 9)
Proof. First, from the definition of Vi (zn,7n), we know
that Vi (zn,rn) = 0 for any 2y € S, ry € Pn(zn).
Therefore, the above inequality holds for the for £ = V. For



j€{0,...,N—1},since |c(xj, u;)| < cmax for any z; € S,
uj € U(x;), it implies ||T;[Vn]|lco < Cmax. Furthermore,
Willeo =V = VN lloo
<IT3 Vil = Ti[Vallloo + 1 T5[Va] =
§||ij+1 VN”oo + Cmax =

||Vj+1 Hoo ~+ Cmax-

The first inequality is due to triangle inequality and Theorem
4] the second inequality is due to the non-expansivity
property in Lemma and both equalities in the above
expression are due to Vi (z,r) = 0. Thus by recursion, we
get
N-1
Villoo = D~ (IVilloo =

=k

Vitilloo)-

and the proof is completed by noting that ||Vj|le —
[Vit1lloo) < Cmax for j € {k,...,N —1}.

To prove the main result, we need the following technical
Lemma.

Lemma IIL4. For every given xi, € S and 7y, 1, € P (1),
suppose Assumptions (l) to (I) hold. Also, define v’ :=
{r'(@)}wres € RIS and ¥ = {#'(2")}wes € R|S| If
Fy(xk, 1) and Fy(xy,7r) are non-empty sets, then for any
(u,r") € Fy(xp,ry), there exists (4,7') € Fy(wy,x) such
that for some M, . > 0,

\u—u|+z |7 (z

z'eS

(@) < My g|re — 7). (10)

Proof. First, we want to show that oa(u,r’) =
d(zg,u) + pg(r’(zk4+1)) is a Lipschitz function. Define

{€*(2")}ares € arg maxgeukﬂ(wk@(wkﬂ|mk’u)){d(x;“u) +

Lwes f(x/)(fl(x’))} Then, there exists a & €
Ugt1 (g, Q(zk41|zK,@)) such  that the following
expressions hold:
a(u,r’) — au, )
=d(wg,u) + pr(r /($k+1)) - d(CUIm w) — Pk(f (Zr41))
<d(riu) - dlz ) + 3 (@) - &) ()
z'es
+ > €@ —'(2"))
z’'esS
<ld(zg,u) — d(ag, @) + Y ' (2') = ¥(2)]
z'es
+max [r'(z)] D €% (2") = £(")]-

z’'€eS

(1)

The first equality follows from definitions of coherent risk
measures. The first inequality is due to Theorem [[I.5] and
the definition of £* € U1 (xk, Q(2g+1|2k, u)). The second
inequality is due to the fact that £ is a probability mass
functions in U1 (xk, Q(zk+1|2k, @)). Then, by Proposition
T2} there exists M¢ > 0 such that

D@ =€) < Me > Q! |ak, u) — Q(a!

z’'eS z'eS

Furthermore, by Assumptlons (1) to (@) and the definition of
D t1(xp41), expression (11) implies
- r’(ﬂf’)l)

a(u,r)—a(a, ') < Mayg <|a |+ Z (2!
z'esS
where
M4 ), = max {Md + MqﬁN,kMg, 1} )

By a symmetric argument, we can also show that

(i, ©')—a(u,r') < Max (Iﬁ —ul+ Y (@

z'eS

- r’(x’>|> .

Thus, by combining both arguments, we have shown that
a(u,r’) is a Lipschitz function. Next, for any (u,r’) €
Fy(zk, 1), where

Fy(zg,7) = {(u,r’) ueU(zg), 7 (2') € ®pya(z’),
va' € S, au,r’) < 7"}7

consider the following optimization problem:

@ —ul+ Y |7 (@)].

z'eS

Py (1) = inf

(@,7") € F (zk,7)

Since (u, ') is a feasible point of Fy(xk, %), Puy ur (T8) =
0. By our assumptions, both U(xy) and ®yy;(xp41) are
compact sets of real numbers. Note that both |& — u| +
>wes [F(2') —r/(z')| and «(a, ") are Lipschitz functions
in (2,7'). Also, consider the sub-gradient of f(@,7,r) :=
a(a, ') —

91 _
of (a,7,r) = N { 92| eRVIXRISI xR :
(1,7’ ,7)€dom(f) gs
g1 u (0
f(a, 7' 7) > f(a,7,7) + | g2 lf/l — |7
93 r 7

Since «(@,7') — r is differentiable on r, the third ele-
ment of df(a,7’,7) is a singleton and it equals to {—1}.
Next, consider the sub-gradient of h(@,7,7) = |& — u| +
Y weg (@) =7 (). By identical arguments, we can show
that the set of the third element of Oh(a, 7, r) is a singleton
and it equals to {0}. Therefore, Theorem 4.2 in [19] implies
Py, u,r (1) is strictly differentiable (Lipschitz continuous) in

Then, for any (u,r’) € Fj(xy, k), there exists M, > 0
such that

inf u u+ r
(@,7") € Fy (xk,71) | IZGS|

(2")] < My o |Fp—75|.

Finally we want to show that the infimum on the left
, o —ul +
> wes [T (@') =7 (2')] is coercive and continuous in (@, 7).
By Example 14.29 in [20], this function is a Caratheodory

' A sub-gradient of a function f: X — R at a point zo € X is a real
vector g such that for all z € X, f(z) — f(x0) > g7 (x — x0), Vo € X.

% Theorem 4.2 in [19] implies both 8P, ., ,+(r), 8% Py, 4 (r) C
{0} for 7, € ®p(rg). This result further 1mphes Py o, T/(r) is strictly
differentiable. For details, please refer to this paper.



integrand and is also a normal integrand. Furthermore, since
Fy(xk,7) is a closed set (since U(xy) is a finite set,
®py1(xp41) is a compact set and the constraint inequality
is non-strict)and «(,7’) — 7% is a normal integrand (see
the proof of Theorem IV.2 in [1]), by Theorem 14.36 and
Example 14.32 in [20], one can show that the following
indicator function:

oy [0 (@,F) € Fi(ay, i)
Lo (@, &, ) := { oo otherwise

is a normal integrand. Furthermore, by Proposition 14.44 in
[20], the function

= |a—u|+ Z v (x

z'eS

Gz, (a T 7:]@ )l—HIIk( 77:k)

is a normal integrand. Also, infgg,, (4,7,7r) =
nf (5 5y Fy(ap ) [0 = Ul + e (@) — 7(2")]. By
Theorem 14.37 in [20], there exists (4,7) € Fy(xp, )
such that (4, 7') argmin g, (@, 7, 7 ). Furthermore, the right
side of the above equality is finite since Fj(xg,7) is a
non-empty set. The definition of I, (4,7, 7)) implies that
(6,7") € Fy(xy, 7). Therefore this implies expression (10}
holds for any (u,1’) € Fy(zk,78). O

The following Lemma provides a sensitivity condition for
the value function Vi (zg,7y).

Lemma IIL5. Suppose Fy(xy,ry) and Fy(xy, 7)) are non-
empty sets for k € {0,..., N—1}. Then, for x;, € S, r, ) €
O (xy), such that ry, > 7, k € {0,...,N}, the following
expression holds:

0 < Vi(ag, ™) — Vi(@r, 1) < My g(re — ) (12)

where MV,k = (Mc+Mq(N*k*1)Cmax+MV,k+1)Mr,k >
0, and MV,N =0.

Proof. First, for k € {0,...,N — 1}, when 7 < rg, by
Lemma IV.1 in [1], we know that Vi, (zg, 7r) > Vi(zk, k).
The proof is completed if we can show that for 7, < rp,

Vie(zk, i) — Vi(zr, i) < My (e — 7).

First, at k = N, for any ry,7n € Pn(zn), We get
Vn(zn,7Nn) = Vn(zn,7rn) = 0. Inequality trivially
holds for any My n > 0. By induction’s assumption, sup-
pose there exists My, ;11 > 0 such that following inequality
holds at kK = j + 1:

Vit (2, 741) = Viga (@, )| < My [P0 = 74l
for any r € S. Then, for the case at k = j, by Theorem
IV2 in [1], the infimum of T};[Vj44] is attained. From
Theorem [IL4, V;(z;,r;) = T} [VJH](xj,rj). For any given
x; € 5, 1r; € <I> i(x;), let (u;,r*/) be the minimizer of
T;[Visa)(xj,75). Then, there exists (u;,7') € Fj(x;,7),

such that inequality (I0) and the following expressions hold:

Vi(xj,75) — Vi(zj,75)
<c(wj, ) — el uf) + Y Q! |z, ;) Vi (2,7 (2'))
z'eS
=Y Q! |z, u) Vi (a1 (a))
x’'eS
=c(xj,0;) — c(xj,uj)
+ 3 QW |z, 1) (Viga (2!, #(2)) = Viga (2!, r™' ()
x'ES
+ >0 (Q@ |y, d5) — Qg ul)) Vigala!,r'(2))
x'ES
UVitilloo Y Q@ |25, ) — Q(a' |, u})|
z'eS
+ X Wl @) - Vi @) |
x' €S

+ le(x), 05) — ez, uj)|.
The first inequality follows from the definitions. The second
inequality follows from ), o Q(2|z;,1%;) = 1 and the
definition of ||Vj41]|co and Cmax. From Assumption and
Inductions’ assumption, the above expression further implies

Vj(xj,75) — Vi(xj, ;)
S(Me + Mq|[Vigalloo) |ty — ujl
+ My, j+1 Z |7 (a") — ™" (2")]
z'eS
(M + Mg|[Vialloo + My,j41) M.

rilT5 = 1jl.

13)

The last inequality is simply resulted from by Lemma [[Tl.4]
In addition, from Lemma [[IL.3] we get

N-1
Visilloo = Y IVillso —

i=j+1

HVi-i-lHOO < (N —J— 1)Cmax-

Then, by applying this inequality to the expression derived
in the previous part of the proof, we get

Vi, 75) = Vi(xj,75) (14)
< (Me+ Mg(N = j — D)emax + Mv,j11) My |75 — 7).
Thus by induction, expression (I2) holds. O

The next Lemma shows that the difference between
dynamic programming operators TA e Vit1](zg, ) and
Tk[Vk+1]($k, ;) is bounded.

Lemma IIL6. For any xy € S, 1, € O (xy), the following
inequality holds for k € {0,...,N —1}:

0 < TR 1 Vig)(@h, ) = TV (e, i) < My 1 A

where My 11 > 0 is given by Lemma and A is the
step size of the discretization of risk threshold ry,.

Proof. First, by the definition of FP(zy,7), we know
that FP(xk, %) C Fy(xk, k). Since, the objective func-
tions and all other constraints in T A kVi+1](@g, mx) and
T [Vo,k+1](zk, r) are identical, we can easily conclude that



TAD,}C[VIH—l](xkaTk) > Tk[VkH](xk,rk) for all x, € S,
ri € ®p(xk). The proof is completed if we can show

Tf,k[VkH](wk,rk) — T [Viea)(xg, i) < My g1 A.

By Theorem IV.2 in [1] we know that the infimum of
Ti[Vi+1](xg, k) is attained. Let (ujf,r™’) € Fk(zk,rk) be
the minimizer of Ty [Vi41](zk, 7). Also, for every fixed 2’ €
S, let (') € {0,...,t} such that r*/(a') € TGV ().
Now, construct

#(') =

By definition of @1 (2'), we know that 7'(z") € py1(2'),

vz’ € S. Since r,(H(l ) is the lower bound of <I>](€T+(‘f ))( ),

we have 7@ < (). Furthermore, since the size of

k+1
<I>,(f+(f ))( ) is A, we know that |rk+1 ¥ _ ()] < A for

any =’ € S. By monotonicity of coherent risk measures,

Fr@))
=Tkt

d(zy, up) + pr(F (zr41)) < d(@g, up) + pe(r™ (zr41)) < T

Therefore, we conclude that (u’,gf’ ) € FP(xp,ry) is a
feasible solution to the problem in T8, [Vi41](2k, 7). From
this fact, we get the following inequalities:

TRk [Visrl(@h, ) — TelViga) (e, 71)

<3 QW hon ) (Vien @' 7(0) = Vo'

z’'eS
< sup { Ve (0,7 (@) = Ve ') |
z’'eS
<My k41 sup |7 (z") —r*'(2"))] < My 1A,
z’'€S

The first inequality is due to substitutions of the feasible
solution of Tg & [Vk+1](xk, ) and the optimal solution of
Ti[Vit1)(xk, rr). The second inequality is trivial. The third
mequahty is a result of Lemma [[IT.5]and the fourth inequality
is due to the definition of 7 (x ) for all ' € S. This
completes the proof. O

The following Lemma is the main result of this section. It
characterizes the error bound between the dynamic program-
ming operator Tx[Vi+1](z,rx) and Tf’k[VkH](l’k, T)-

Lemma IIL7. Suppose Assumptions (1)) to (2) hold. Then,
there exists a constant My, > 0 such that

ITR e [Vis1] = Te[Vier1llloo < (Mye + Mypy1)A  (15)

where Tgk[VkH](fr,r) is defined in equation (|7), A is the
step size of the discretization of risk threshold ri and the
expression of MVk,MVkH > 0 is given in Lemma [[IL.3]
forke{0,...,.N —1}.

Proof. For any given zx € S and 1, € Pi(xg), let 7 €
{0,...,t} such that ry € <I>( )(zk) Then, by the definition

of TA k[VkH](:ck,rk) and Theorem H the following ex-
pression holds:

TR 1 Vi) @i i) — T Vi) (s )| < Vi) —

Vie(we, m)| + TR Vi) @, 7i7) = Te[Viea] (e, 7))

Also, by using Lemma [[IT.5] and [[IT.6] the above expression
implies that

TR p[Vie1)(wr, ) — T [Vk+1]($k7 k)|

<My 1A+ My |ry — ), 7)< (Mvy + My 41)A.

The last 1nequahty follows from the fact that 7y € Q(T)( k)

(7) is the lower bound of

implies |rk
the discretized region of risk threshold CIJ(T) (zx). By taking
supremum of x, € S and 7y € CI)k(xk) on both sides of
the resultant inequality, we conclude the inequality given in

expression (T3). O

—ri| < A, where 7,

Next, define M, = maxycqo,... n—1} My k. The following
Theorem provides an error bound between the value func-
tion: Vi (xk, k) and the value function with discretizations:

VkD (xk, ’I“k).

Theorem IIL8. Define V,P (i, 1) == TR ([VE ) (wk, 7x),
k €{0,..., N—1} as the value function with discretized risk
threshold/update where VND(J;N,TN) = Vn(zn,rN) = 0.
Suppose Assumptions ({I) to (2) hold. Then,

IVi? = Villso < 24

<(MTchmx — M.(1 - M,))(1—MN)

(1-1)°
N(N —1)M, Mycpax ~ N(Mc(1— M,) — MyM,Cpax)
2(1 - Mr) (1 - Mr)2 >

where A is the step size of the of risk threshold discretization.

Proof. From Theorem we know that for j; €
{k,..., 1 TR Vier] = TilVialllee < (My; +
MVJ-H)A where A is the step size of the discretization
of risk threshold r;. Therefore, we have the following
expressions:

IV;? = Villoo = IITX ;[Vi51] =

<HTA][ g+1]
<|IvVR

T;[Vitallloo
TR [Vitallloo + TR j[Vj1]
+ (My,j + My j41)A.

The first equality is due to Theorem [[L.4] and the fact that
VP (xj,r;) = TAJ[VJH](JUJ,TJ) The third inequality is

based on the non-expansivity property in Lemma [[IT.]] and
the arguments in Theorem [[II.7] Furthermore,

- Tj [‘/;+1]||oo

Jj+1 = ‘+1HOO

N-1

VP = Vidloo = 37 (IVP = Villoo = V21 = Viall )
j=k
N-1 N-1
<| D My + My |A<2( Y My, | A
j=k =0

Therefore, the proof is completed by summing the right side
of the inequality from 0 to N —1 and combining all previous
arguments. O

As the step size A — 0, for any x, € S and ri € Py (zk),
this Theorem implies that V,P (xx,7%) — Vi(@k, 7%)-

Remark IIL.9. Unfortunately, similar to all multi-grid dis-
cretization approaches discussed in [11], [13], [10], the
multi-grid discretization algorithm in this paper also suffers
from the curse of dimensionality. Suppose the number of
discretized grid used is |R|. For each time horizon, the size



of state space is |S||R|. However, the size of the action space
is |A|(|R|)®!. Methods such as Branch and bound or rollout
algorithms can be applied to find the minimizers in each step
to alleviate this issue, if the upper/lower bounds of the value
functions are effectively calculated.

IV. NUMERICAL IMPLEMENTATION

Consider an example with 3 states (z € {1,2,3}), 2
available actions (u € {1,2}) with time horizon N = 3.
The costs, constraint costs and transition probabilities are
given as follows:

e(1,1)  ¢(1,2) 1 3] [d(1,1) d(1,2) 1[5 4
c(2,1) ¢(2,2)| = |2 4], [d(2,1) d(2,2)| = — |6 3
¢(3,1) ¢(3,2) 5 6| [d(3,1) d(3,2) 10 15 1
0.2 05 03 0.3 05 0.2
Q(z'|z,1) = [04 03 03], Q(a2'|z,2) = |02 03 0.5].
03 0.3 04 0.3 04 03

For any zg € S and ro € ®y(zg), the risk sensitive con-
strained stochastic optimal control problem we are solving
is as follows:

n B[S ]
{rnelll[[l > k=0 c(Tk, uk)

subject to  po,3 (d(xoaUo)ad($1,u1),d(x27u2)70) <ro.

where wup = wp(hog) for k& € {0,1,2},
po,N(Zo, Z1, Za, Z3) = Zo+ po(Z1+ p1(Z2 + p2(Z3))) and

pr(V) =E[V] +0.2 (IE [V -E [V]]i])m.

First, this problem can be re-casted using multi-stage con-
strained dynamic programming using the methods described
by Theorem IV.3 in [1]. Furthermore, based on equations
to (8), we can approximate the optimal value function
using risk threshold/update discretization. In this example,
we discretize every risk threshold sets into M regions, where

M € {5,10,20, 40, 60, 80, 100, 150}.

With different sizes of risk threshold discretization, we get
approximations of optimal value functions, up to various
degrees of accuracies. Figure |1| shows both the approxima-
tions of value function using various step sizes and their
errors of approximations. As the number of M increases,
the approximated value function converges towards the true
optimal value function. However, as discussed in Remark
the size of action space increases exponentially with the
number of states, thus it makes enumerating all state/action
pairs during value iteration computationally expensive.

V. CONCLUSION

In this paper we have presented and analyzed an uniform
grid discretization algorithm for approximating the Bellman’s
recursion for finite horizon constrained stochastic optimal
control problems. Although the current algorithm suffers
from curse of dimensionality, it is by far the only known al-
gorithm for numerically approximating constrained dynamic
programming algorithms with continuous risk updates. This
paper also leaves important extensions open for further re-
searches that involve randomized grid sampling and variable
resolution of discretization.

Fig. 1.
approximations.
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