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Primal-dual regression approach for Markov decision processes with
general state and action space

Denis Belomestny, John G. M. Schoenmakers

Abstract

We develop a regression based primal-dual martingale approach for solving finite time horizon MDPs
with general state and action space. As a result, our method allows for the construction of tight upper
and lower biased approximations of the value functions, and, provides tight approximations to the opti-
mal policy. In particular, we prove tight error bounds for the estimated duality gap featuring polynomial
dependence on the time horizon, and sublinear dependence on the cardinality/dimension of the possi-
bly infinite state and action space. From a computational point of view the proposed method is efficient
since, in contrast to usual duality-based methods for optimal control problems in the literature, the Monte
Carlo procedures here involved do not require nested simulations.

1 Introduction

Markov decision processes (MDPs) provide a general framework for modeling sequential decision-making
under uncertainty. A large number of practical problems from various areas such as economics, finance,
and machine learning can be seen as MDPs and can, in principle, be solved via a dynamic programming
approach. The objective usually is to find an optimal policy that maximizes the expected accumulated re-
wards (or minimizes the expected accumulated costs). These problems could be theoretically solved by
the dynamic programming approach; however, in practice, this method suffers from the so-called “curse of
dimensionality” and the “curse of horizon” meaning that the complexity of the program increases exponen-
tially in the dimension of the problem (dimensions of the state and action spaces) and the horizon (at least
for problems without discounting). While the curse of dimensionality is known to be unavoidable in general
cases, the possibility of beating the curse of the horizon remains an open issue.

A natural performance metric is given by the value function V™ which is the expected total reward of the
agent following 7. Unfortunately, even a precise knowledge of V™ does not provide reliable information
on how far is the policy m from the optimal one. To address this issue a popular quality measure is the
regret of the algorithm which is the difference between the total sum of rewards accumulated when following
the optimal policy and the sum of rewards obtained when following the current policy 7. In the setting of
finite state- and action space MDPs there is a variety of regret bounds for popular RL algorithms like Q-
learning |Jin et al.|[2018], optimistic value iteration Azar et al.|[2017], and many others. Unfortunately, regret
bounds beyond the discrete setup are much less common in the literature. Even more crucial drawback
of the regret-based comparison is that regret bounds are typically pessimistic and rely on the unknown
quantities of the underlying MDP’s. A simpler, but related, quantity is the suboptimality gap (policy error)
Ay (z) := V*(x) — V7 (x). Since we do not know V*, the suboptimality gap can not be calculated directly.
There is a vast amount of literature devoted to theoretical guarantees for A (x), see e.g./Antos et al. [2007],
Szepesvari| [2010], Pires and Szepesvari [2016] and references therein. However, these bounds share the
same drawbacks as the regret bounds. Moreover, known bounds do not apply to the general policy 7 and
depend heavily on the particular algorithm which produced it. For instance, in Approximate Policy Iteration
(API, Bertsekas and Tsitsiklis| [1996]) all existing bounds for A () depend on the one-step error induced
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by the approximation of the action-value function. This one-step error is difficult to quantify since it depends
on the unknown smoothness properties of the action-value function. Similarly, in policy gradient methods
(see e.g. [Sutton and Barto| [2018]), there is always an approximation error due to the choice of the family
of policies that can be hardly quantified. Though the accuracy of a suboptimal policy is generally unknown,
the lack of theoretical guarantees on a suboptimal policy can be potentially addressed by providing a dual
bound, that is, an upper bound (or lower bound) on the optimal expected reward (or cost).

The last decades have seen a high development of duality approaches for optimal stopping and control
problems, initiated by the works of |Rogers|[2002] and [Haugh and Kogan|[2004] in the context of pricing of
American and Bermudan options. Essentially, in the dual approach one minimizes a certain dual martingale
representation corresponding to the problem under consideration over a set of martingales or martingale
type elements. In stylized terms, the dual version of an optimal control problem V;* = sup,, E[R («)] for a
reward X depending on adapted policies o may be formulated as

Vo = inf E[ sup (R(a)— M (a)).

martingales M (@) q in control space

As such, in the dual approach one seeks for optimal minimizing martingales rather than optimal maximizing
policies. Andersen and Broadie [2004] showed how to compute martingales using stopping rules via nested
Monte Carlo simulations. In|Rogers|[2007] the dual representation for optimal stopping (hence American op-
tions) was generalized to Markovian control problems. Somewhat later Brown et al.|[2010] presented a dual
representation for quite general control problems in terms of Anformation relaxation and martingale penal-
ties. On the other hand, the dual representation for optimal stopping was generalized to multiple stopping in
Schoenmakers|[2012] and |Bender et al.|[2015]. As a numerical approach to|Rogers|[2007], Belomestny et al.
[2010] developed regression methods for such problems that can be seen, in a sense, as a generalization of
Andersen and Broadie| [2004]. However, it should be noted that in the convergence analysis of Belomestny
et al| [2010] the primal value function estimates show exponential dependence on the finite horizon, and
their dual algorithm is based on nested simulation while its convergence is not analyzed there. Generally
speaking, to the best of our knowledge, all error bounds for the primal/dual value function estimates avail-
able in the literature so far show exponential dependence on the horizon at least in the case of finite horizon
undiscounted optimal control problems, e.g. see also|Zanger [2013].

In this paper, we propose a novel approach to constructing valid dual upper bounds on the optimal value
function via simulations and pseudo regression in the case of finite horizon MDPs with general (possibly
continuous) state and action spaces. This approach includes the construction of primal value functions via
a backwardly structured pseudo regression procedure based on a properly chosen reference distribution
(measure). We thus avoid the delicate problem of inverting an empirical covariance matrix. We note that
in the context of optimal stopping a similar primal procedure was proposed in [Bayer et al.[|[2021], though
with accuracy estimates exploding with the number of exercise dates or time horizon. As for the dual part
of our algorithm, we avoid nested Monte Carlo simulation (as used in many dual-type methods proposed in
the literature so far, see for instance the path-wise optimization approach for MDPs in |Desai et al.|[2012]
and Brown et al.| [2022] for an overview). Instead, for constructing the martingale elements, we propose
to combine a point wise pseudo regression approach with a suitable interpolation method such that the
martingale property is preserved. Furthermore we provide a rigorous convergence analysis showing that the
stochastic error of approximating the true value function depends at most polynomially on the time horizon.
Moreover, we show that the stochastic part of the error depends sublinearly on the dimension (or cardinality
in the finite case) of the state and action spaces. Let us mention |[Zhu et al.| [2017] for another approach to
avoid nested simulations for estimating the conditional expectations, hence the martingale elements, inside
the dual representation. However, |Zhu et al.|[2017] left the issue of bounding the duality gap in terms of the
error bounds on the value functions as an open problem. From this respect, we have solved this problem
within the context of the algorithm proposed in this paper.
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The paper is organized as follows. The basic setup of the Markov Decision Process and the well-known rep-
resentations for its maximal expected reward is given in Section [2| Section 3 recalls the dual representation
for an MDP from the literature. The primal pseudo regression algorithm for the value functions is described
in Section [4] whereas the dual regression algorithm is presented in Section [5] Section[6|and Section[7]are
dedicated to the convergence analysis of the primal and dual algorithm, respectively. Appendix A introduces
some auxiliary notions needed to formulate an auxiliary result in Appendix B stemming from the theory of
empirical processes.

2 Setup and basic properties of the Markov Decision Process

We consider the discrete time finite horizon Markov Decision Process, given by the setup
M = (S,A, (Pu)nea)s (Bu)near, F, H),

made up by the following objects:

a measurable state space (S, S), which may be finite or infinite;

a measurable action space (A, .A), which may be finite or infinite;

an integer H which defines the horizon of the problem;

foreach h €|H|, with | H] := {1, ..., H }['} atime dependent transition function P, : SxA — P(S),
where P(S) is the space of probability measures on (S, S);

B a time dependent reward function R, : S x A — R, where R;(x,a) is the immediate reward
associated with taking action @ € Ain state x € S attime step h € [H;

B aterminalreward F': S — R.
Introduce a filtered probability space & := (Q, F, (F;)ie(u), P) with

Q= (SxA Fi= S0, (Fem = (8©A*)wcimf 2.1)

For a fixed policy w = (g, ..., mg_1) with ™, : S — P(A), we consider an adapted controlled process
(S, Ar),_, , on G satisfying Sy = = € S, Ag ~ 7o(x), and

St+1NPt+1('|StaAt)v AtNWt(St)a t=0,...,H -1

The expected reward of this so called Markov Decision Process due to the chosen policy 7 is given by

H-1

> " Ri(Si, A) + F(Sh)

t=0

)

Voﬂ-@) =Eng

where [E; ,; stands for expectation induced by the policy 7t and transition kernels P, t € [H|, conditional on
the event Sy = x. The goal of the Markov decision problem is to determine the maximal expected reward:

H-1

> Ri(Si, A) + F(Sh)

t=0

Vo ==supE,, = sup V{" (xg). (2.2)

'We further write [H] := {0, 1,..., H} etc.

2In order to avoid irrelevant measure theoretic technicalities it is assumed that our probability space is supported by discrete
time processes, rather than Wiener processes for instance. Nonetheless, it is possible to involve larger probability spaces without
essentially affecting the results in this paper.
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Let us introduce for a generic time h € [H], the value function due to the policy 7,

H-1

Vi(x) == Ero | Y Ri(Si, A)) + F(Sn)
t=h

Sy = I] , r€S.
Furthermore, let
Vii(x) :==sup V7 (z)
T

be the optimal value function at h € [H]. It is well known that under weak conditions there exists an optimal
policy which depends on S; in a deterministic way. In this case we will write 7 = (7(S;)) for some
mappings 7; : S — A, where Dirac measures 0, are identified with their supporting elements a € A. One
has the following result, see [Puterman|[2014].

Theorem 2.1 Letx € S be fixed. It holds V5 (x) = F(x), and

V¥ (z) = sup (Rp(z,a) + Es,  ,oppoy(laa) Vi1 (Sns1)]), h=H—1,...,0. (2.3)

a€A

Furthermore, if R}, is continuous and the action space is compact, the supremum in is attained at some
deterministic optimal action a* = 7} ().

Let us further introduce recursively Q% (z,a) = F(z), and

Qu(z,a) == Ry(z,a) + Eg, <Py (J2.0) sup Qri1(Shy1,a)|, for h=H—1,....,0.
a’'e

Then @} (x, a) is called the optimal state-action value and one thus has

Vi (x) = sup @y (w, ), m;(7) € argmax Qj(w,a), for h e [H].
a€A ac

Finally note that the optimal value function V'* satisfies due to Theorem
Vi () = ThViia(x), e [H],

where T,V (2) := sup,c 4 (Ru(z,a) + P2, V(2)) with P2, V() := Es, Py (lesa) [V (Sht1)] -

3 Dual representation

Let us denote by a; the deterministic vector of actions a; = (ag, ..., a;_1) € Al similarly a<; etc., and
denote with S; = (S;(a<¢))ieqo,.... s} the process defined (in distribution) via

So =g, Siy1 = St+1(a<t+1) ~ Pt+1('|St7at)v t=0,...,H—-1

Let us also denote by = the class of H-tuples & = (&(+,), t €|H]) consisting of A®* x F, measurable
random variables

& 0 (ac,w) € APxQ =R
satisfying

E[&(acy,w)| Fioq] =0, forall (aey) €AY, te{l,...,H}.

DOI 10.20347/WIAS.PREPRINT.2957 Berlin 2022



Primal-dual regression for Markov decision processes 5

The next duality theorem, essentially due to [Rogers| [2007], may be seen as a generalization of the dual
representation theorem for optimal stopping, developed independently in [Rogers| [2002] and [Haugh and
Kogan|[2004], to Markov decision processes. For a more general dual representations in terms of information
relaxation, see Brown et al.[[2010]. Let us further mention dual representations in the context of multiple
stopping developed in |(Schoenmakers| [2012], Belomestny et al.| [2009], and applications to flexible caps
studied in[Balder et al.|[2013].

Theorem 3.1 The following statements hold.

(i) Forany& € = andanyx € S we have V'™ (x; &) > Vi (x) with

Vot (z;6) == Eq @

sup (Z (Re(Si(act), ar) — ft+1(a<t+1))+F(SH(CL<H))>] , (3.1)

a>0€AH t

where as usual we suppress the dependence on w for notational simplicity. Hence V'™ (z; &) is an
upper bound for Vi ().

(ii) Ifweset&* = (&, t € [H]) € = with

€:+1(a<7f+1) = ‘/15:1(St+1(a<t+1)) - ES£+1~Pt+1('|St(a<t),at) [‘/1511<S£+1>:| s (3.2)

fort =0,...,H — 1, then, almost surely,

Vo (zg) = sup (Z (Ri(Si(act), ar) — &y (ace)) + F(SH(CL<H))) : (3.3)

a>o cAH t=0

Remark 3.2 In Theorem(3.1 and further below, supremum should be interpreted as essential supremum in
case it concerns the supremum over an uncountable family of random variables.

In principle Theorem may be inferred from |[Rogers|[2007] or Brown et al.| [2010]. Nonetheless, also for
the convenience of the reader, we here give a concise proof in terms of the present setup and terminology.

Proof. (i) Since for any £ € = and policy 7t in (2.2) one has that

Eﬂ',x [ft—l—l (Agt)] = ]Eﬂ',acEﬂ [§t+1 (Agt)’ ]:t] = O>
fort = h,..., H — 1, it follows that

H-1
Vo () = sup By | Y (Ri(Si(Act), A) — &i1(A<t)) + F(Su(Acn)) |
4 t=0

from which (3.1) follows immediately.

(i) We may write for any a>j, € A7,

H-1
(Re(Si (ace) s ar) — &y (a<e)) + F(Su(acn))
=0
H-1 H-1
= Ri(S; (act) ,ar) — ‘/til(st+1(a’ﬁt))
t=0 t=0
H-1
+ Z ES£+1NPt+1('\St(a<t)7at) [V:i-l( £+1)} + F(SH<G<H))
t=0

DOI 10.20347/WIAS.PREPRINT.2957 Berlin 2022
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Hence
H-1

(Re(St (a<e) i) = &1 (ae)) + F(Sulacn)) = Vi'(x) + A=),

t=0
with

A(z) = F(SH(G<H)) Vi (Su(a<m))+

(Rt St CL<t at) +E5t+1~Pt+1( |St,at) [‘/;Sj—l( ;—&—1)} - ‘/t*(St(a<t))> >0

t=0

where the latter inequality follows from the Bellman principle, see Theorem The statement (3.3) now
follows by taking the (essential) supremum over a>, € A’ on the left-hand-side, applying (3.1) and using
the sandwich property. m

4 Primal regression algorithm for the value function

In Section [5|we will describe regression based martingale methods for computing dual upper bounds based
on Theorem However, these methods require as input a sequence of (approximate) value functions V/,,
h € [H]. Below we describe a regression-based regression algorithm for approximating the value functions
Vis, h € [H|, backwardly in time. In fact, unlike the usual regression, the proposed algorithm is based on
a kind of “pseudo” or “quasi” regression procedure with respect to some reference measure i, which is
assumed to be such that P, (+|z, a) is absolutely continuous w.r.t. yiy, forany h €|H|, 2z € Sand a € A.
Furthermore, we consider a vector of basis functions

Y= k), m:S—=R, k=1, K,

such that the matrix
Y= Yhk = Exep, [Yr(X)7i(X)]

is analytically known and invertible. The algorithm reads as follows. At h = H we set Vy y(z) = Vi (z) =
F(x). Suppose that for some h € [H| the approximations V; y of V;*, h +1 < t < H, are already
obtained. We now approximate V}* via simulating independent drwas X; ~ pp, Y* ~ Pyi1(+| X5, a),
a€Ai=1,..., N, and setting

Vi (x) = Ty NVigin(7) == sup(Ry(z, a) + Ph+1 NV (), (4.1)

a€A

where
ﬁf?—i—l,NV(x) = 7%[6]—\;(171(](1') = max(—z, min(z, B]—\l;’,a7K<x)))'

Here L is a fixed positive constant which will be defined later,

1
Bya = MU Ur =20 (X)), Z0=V(Ye), i=1,...N.

=1

Note that E [By o] = E [V (V)X 'y, (X1)] =: B, where 3, solves the minimization problem

inf E [(V(Yla) - 5J7K(X1))2} .

Ba ERE
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Primal-dual regression for Markov decision processes 7

Thus function ﬁ,‘j+17NVh+17N(x) aims to approximate the conditional expectation
= Egp, i (fa,a) [Vh*—&-l(sl)} , a€A

After H steps of the above procedure we obtain the estimates Vi v, ..., Vo, N.

5 Dual regression algorithm

In this section we outline how to construct an upper biased estimate based on Theorem [3.1] from a given
sequence of approximations V;, t € [H|to V;*, t € [H], obtained as described in Section [4] for example.

Theorem (ii) implies that we can restrict our attention to processes & = (ft)te[H], where the t + 1
component of & is of the form

§t+1(a§t) = m(St+1<aSt)§ Si(act), ay) (5.1)

for a deterministic real valued function m(-; x, a) satisfying

[ sz, a)Peatasle.a) =0, 52

for all (a:, a) € S x A. Note that the condition is time dependent. We shall denote by Mt.i,_]_ﬂ;@ the set
of “martingale” functions m on S that satisfy for time ¢ 4- 1, a state , and a control a. In this section,
we develop an algorithm approximating £€* via regression of V,, 1 on a properly chosen finite dimensional
subspace of M1 , 4. The idea of approximating £ via regression can be explained as follows. Equation
and imply that, for a particular ¢ € [H[, the component £/, ; (a<;) of the random vector £* is given
by &1 (a<e) = my(Sip1(a<t); Se(a<t), ar), where, for each (z,a) € S x A, my,,(:;, a) solves the
optimization problem

. / ro. 2
arg | inf By e | (Vi (i) = m(Sfie.))’). 53
By generating a sample Y;"%, ..., Y from P, (+|x, a) we readily obtain a computable approximation of

miy (@, a), that s, (5.3), by

. & ra va
arg _inf {Nz (Ve (V;7%) = m(Y;™ ))2} : (5.4)

!
meMig ., i1

where M}, , , is some “large enough” finite-dimensional subset of M1 ; 4.

Let us now discuss possible constructions of the martingale functions m satisfying (5.2). Assume that S C
R? and that the conditional distribution P;;(-|z, a) possesses a smooth density p;,1(-|x, a) with respect
to the Lebesgue measure on R?. Furthermore, assume that pra1(-|x, a) doesn’t vanish on any compact set
in R, and that p;1 (y|z,a) — 0 for |y| — oo. Now consider, for any fixed (x, a) functions of the form

My1,6(-5 2, a) = (Viog(pei(-z, a)), ¢) + div(e)

with ¢ : S — R? being a smooth and bounded mapping with bounded derivatives. It is then not difficult to
check that

/Spt+1(y|xv a)gbz(y)(?yz 10g(pt+1(y|$, a)) dy = - /Spt+1(y|x7 a)ayi¢i(y) dyv L= 17 R ’d’

3 Actually, for computing Vo(zo) we may replace the above procedure by a standard Monte Carlo simulation when going from
Vi to V4.
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and hence m; 1 , satisfies for all (z,a) € S x A. This means that in (5.4) we can take M}, , , =
{mi16(52,a) : ¢ € ) where ® is the linear space of mappings R? — R?, which are smooth, bounded,
and with bounded derivatives. Since ¢ — my;1,4(+; ,a) is linear in ¢ we moreover have that M}, , , is
a linear space of real valued functions. So the problem can be casted into a standard linear regression
problem after choosing a system of basis functions (111 4, (+; 2, a))ken due to some basis (¢ )ken in P.
Needles to say that the problem can only be solved on some finite grid, (x;, al)lzl,,,,,L € S x A say,
yielding solutions ¢ () := ¢(+; xx, ax) and the corresponding martingale functions M1 ¢, (+; Tk, ag). In
order to obtain a martingale function m; 1 = my1 (+; x, a) for a generic pair (x, a) we may apply some suit-
able interpolation procedure. Loosely speaking, if (x, a) is an interpolation between (xy, ax) and (x:, a)
we may interpolate ¢(-; x, a) between ¢, and ¢ correspondingly, and set m;+1 = my41.4 (+; 2, a) . For
details regarding suitable interpolation procedures we refer to Section

Let now, for each ¢ € [H[, and (z,a) € S X A, the martingale function m,,1(-; x, a) be an approximate
solution of 1) Then we can construct an upper bound (upper biased estimate) for V' (), via a standard
Monte Carlo estimate of the expectation

Voup(w) =Enrq

sup (Z (Be(Se(axt), ar) — mig1(Sea(ase); Se(ace), ar)) + F(SH))] :

axo€AH \ =g
(5.5)

Another way of constructing £ € = is to assume that the chain (S;(a<;)) can be constructed using the
so-called random iterative functions:

Si(act) = Ki(Si1(aci—1), i1, €1), t €]H], (5.6)

where K; : S x A x E — S, is a measurable map with E being a measurable space, and (&, ¢ €|H|) is an
i.i.d. sequence of E-valued random variables defined on a probability space (€2, F, P). In this setup we may
consider as the underlying probability space €2 := (E x A)[H} instead of (2.1), with accordingly modified
definitions of F and (F;) .

Let Pe be the distribution of €1 on E, and assume that (¢, k& € Np) is a an orthonormal system in
L*(E, Pg) with 1y = 1, that s,

/%(5)%/ (E)dﬁE(g) = O

By then letting

Mx

N1,k (2, @) = g,k (T, @y E441) cr(z, a)p(ers) (5.7)

k=1

for some natural K > 0 and “nice” functions ¢, : S x A > R, k = .., K, we have that

€t+1,K(a§t) = 77t+1,K(St(a<t)a at)

is JF+1-measurable, and, since [ 1y (e)dPe(e) = 0 for k € N, it holds that E [&41 x(a<t)| Fi] = 0.
Hence, we have that £ - = ({141 k(a<t),t € [H]) € E. In this case we consider the least-squares problem

(€15CK)

2
inf E <Vt+1 chwk €t41 > , 25 =K (@, a,6041), (5.8)

for estimating the coefficients in . Let us further denote Xg i := E. p, [1/)K(5)¢[T((5)} with ¢ (g) :=
[41(€), ...,k (e)]". The minimization problem is then explicitly solved by

Cx(w,a) == B kB Vi (Z7) P (e)] - (5.9)

DOI 10.20347/WIAS.PREPRINT.2957 Berlin 2022
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In the sequel we assume that we know Yg k. This assumption is not restrictive as we choose the basis 1)
ourselves. In order to compute (5.9), we can construct a new sample Uy, (, a) = Vi1 (Z5%) Sg (¥ i (Em)
with €, ~ Pg, m = 1, ..., M, and estimate its mean Cx (z, a) by the empirical mean

crm(z,a) = lcym(x,a),...,cem(z,a)] : = Z Un(x,a) (5.10)

We so obtain as martingale functions in (5.7),

Nit1,K,M = C}M(x a) P (er41) ZCkM x, a)Yy(e41). (5.11)
k=1

Also the problem may only numerically be solved on a grid in practice, and a suitable interpolation
procedure is required to obtain for generic (z,a) € S x A (for details see Section [7). Finally, an
upper biased upper bound for V' (), is obtained via an independent standard Monte Carlo estimate of the
expectation

Vbup(fﬁ) =Erq

sup (Z (Re(Se(a>t), ar) — 1k (Se(a<e), ar)) + F(SH)>] ) (5.12)

a>0€AH t

In Section [7] we will give a detailed convergence analysis of the dual estimator (5.12). It is anticipated that
a similar analysis can be carried out for the dual estimator (5.5), but this analysis is omitted due to space
restrictions.

6 Convergence analysis of the primal algorithm

In this section, we carry out a convergence analysis of the primal algorithm designed in Section |4, under a
few mild assumptions.

Assumption 6.1 Assume that (5.6) holds, that is,
= Kn(X,a,¢en), he€]H]. (6.1)

In this case P f(x) = E[f(Kn(x,a,€))], (z,a) € S x A. Also assume that the kernels I, are Lipschitz
continuous:

\Kn(z,a,e) — Kp(2',d',€)| < L p((z,a), (¢',d")), (z,a),(z',a’) €SxA, e€E, (6.2)

for some constant Ly not depending on h. In (6.2), the metric p = psxa on'S X A is considered to be of
the form

prA((fE, CL), (I/v CLI)) = || (ps($, ZU/), pA(a’ CL/))H ’
where ps and pa are suitable metrics on' S and A, respectively, and ||(-, -)|| is a fixed but arbitrary norm on
IR2. In order to avoid an overkill of notation, we will henceforth drop the subscripts S, A, and S x A, whenever
it is clear from the arguments which metric is considered.

Assumption 6.2 Assume that sup, ,esxal|Bn(z, @) V [F(2)[} < Riyax and

sup| Ru(x, @) — Ra(x',a)| < Lip(a, o)
acA

for some constants Ry, and L not depending on h € [H .
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Assumption 6.3 Assume that |2;7,1K’YK($)|00 < Ak forallz € S, h € [H[, and
[vi () = yr ()] < Ly kp(z,2)
for a constant L., i > 0, where | - | denotes the Euclidian norm.
Note that under Assumptions (6.7} [6.2)and [6.3]
Th Vi n () = T nViprn (@) < Lpp(z,2') + sup Py xVisrn (@) = Py y Vi (@)

< Lpp(z,2') + sup BN.all Vi (#) = i ()]
ac

IN

N

1 e

Lrp(a,2') + 5 > sup [ 2,2 Y (Xl lvk () = v (2)]
n=1 ac

< [Lr+ (L + Rua) Ak VEL, (] p(z, 2').
We now specify L=V~ — Riax := HRyax, and denote Ly i :== Lr+ Vi Ak L., K\/E. The above

max max

estimates imply that V}, y € Lip(Ly k), and so the function f(x,a,¢) := V, n(Kp(2, a, €)) satisfies
|f($, a, 5) - f(x/’ CL/, 5)‘ < LV,KL/CP((xv a)> (ZE,, a,)) (6.3)

The next assumption concerns the measures 1, .. ., (g

Assumption 6.4 Consider for any h < [ the Radon-Nikodym derivative
Ppiy - P (da'|z)

Ry (2 |z, ™) = ,
e, ) pu(dz’)
where for a generic policy ® = (71, ..., TH),
Pt (da'|z) == Py (da’|x, mp ().
Assume that
1/2
RT = sup (/ pn(dx) /9% 2|z, ) (de )) < 0. (6.4)
0<h<I<H,mw

The following theorem provides an upper bound for the difference between V}, ;- and V.
Theorem 6.5 Suppose that Ex..,,, |7 (X)|?] < 02 i forall h € [H|. Then for h € [H],

Vi = Vanll 22wy
H-1
max * K
SJ 2% ((H — h)Q%KAK(LVJ(LK]D(A) + LV7KLKD(A) + Vmax \/ N + Z RK,Z) )
l=h

where < denotes < up to a natural constant, Ip(A) is the metric entropy of A, D(A) is the diameter of A
as defined in Appendix|A, and

1/2
a 2
mmwpmwhmmmm—mmmwﬂ ,
CERKX |A|
where
. a 2
ug = ang min Bx, [(971c(X) = PiaVin o(X))]
and

Viele) = sup(Ri(z,a) + To [Ty (@)]) or0 <1< H, Vigele) := F(a)

a€A
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Discussion

B The quantities R, is the error of approximating the conditional expectation Py’ ; V} 11 ¢ via a linear
combination of 1, ...,k in a worst case scenario, that is, for the most unfavourable choice of (.
Note that if 71, 7y2, . . . are bounded eigenfunction (corresponding to nonnegative eigenvalues) of the
kernel P, not dependingon a € A, F(z) = T (z) > 0 for some § € R* and Ry(z,a) =
Ry4(z)Ryy(a) with Ryy(x) = ¢/ v (x) > 0, then for L large enough, R, = 0 (in this case
we can take (, independent of a in the definition of V},,1 ¢) and only the stochastic part of the error
remains

K
Vi = Vinllezgy S HR™ 0y, kA (Lv.x LicIp(A) + Lyv,x LicD(A) + Vi) N

If, for example, A = [0, 1]% for some da € N, then D(A) = 21/da and Ip(A) < V/da. This
example shows that the bound depends sub-linearly in da.

B Let us remark on the assumption Consider S = R? and assume that the transition kernels are
absolutely continuous with respect to the Lebesgue measure on R, that is,

AT - P (dy|z) = PRy ' (ylz) dy.
Further assume that
sup  ppty ..o (yle) < Ce=v=" for some C,c>0,
0<h<I<H,mw

and consider absolutely continuous reference measures i, (dz) = py(x) dz. For the bound (6.4),
we then have

(™) = sup / / il Zfil P (y]a) dedy

0<h<I<H,w

< (C? max e=2¢ul g .
0<h<l<H w(x —|— u)

The latter expression can be easily bounded by choosing i, to be Gaussian with an appropriate
covariance structure depending on h. For example, take d = 1 and

& c .2

- s T h
rh+1)" T heldl,

pn(z) =

then straightforward calculations yield

SRHWC\/ <Z+> _<c Hr
0<h<l<Hc,/ 2(1 — h) —

In this case the bound of Theoremﬁmay growin H as H*/? (provided that all errors R ., h € [H],
are bounded) as opposed to the most bounds available in the literature. Also note that this bound is
obtained under rather general assumptions on the sets S and A. In particular, we don’t assume that
either S or A is finite.

Proof. One-step analysis: Suppose that after h steps of the algorithm the estimates Vi v, ..., Vit N
of the value functions V7, ..., V¥ ;, respectively, are constructed using sampled data Dy 11, such that
WVinlloo < Vi as.forallt =h+1,... H. Denotefora € A,

— max

0(B) = Exep, [(Z2° = BTy(X))?] . Z% ~ Vipan (YY), Y% ~ P (+1X, a).
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The unique minimizer of £*(/3) is given by 3, := E [Z%X !~ (X)] and we have
B = B, [E12°1X] 57 90(X)] = Bxvasy [PlaVirar ()8 0 (X)]

It then holds that

a€A

B sup (5 — 717 (X))’ < B [supliva — A | B (7O

K
< DB [sup (as — Boa)?| B, [ (0],
k=1

acA

where according to Proposition (component wise applied to the vector function f(z,a,e) =
Vi n(Kng1(z,a,8))5 7y (x) with p = 2, see (63)) one hasfork =1,..., K,

Ly g LicIp(A Ly i LiD(A V* )2A2
E sup(ﬁN,a,k—ﬁa,k)Q ,5( v Lielp(A) + Ly LeD(A) + Vi) K. (6.5)
acA N
Due to the very structure of V}, 11 v (see (4.1)), we have
Ex~p, {SHIA)(BJ’Y(X) - PI?+1Vh+1,N(X))2:| < R%{,m (6.6)
ac

and we then get

N 1/2
Exp, |:Su£)(P;:+1,NVh+1,N(X) - Pf?+1vh+1,N(X>)2:| < Rgnt
ac

B
g

0y, kA (Lv,x LicIp(A) + Ly g LiD(A) + V7..)

due to (6.5), (6.6), and the estimate
B 1/2
e, S0P Vi (X) = Pl Vi (0P| <
ac
1/2
e [p (7 (X) = PlaaVinn(COF| - <

ac

1/2
Ex., {sg(@;,avK(X) g mx»ﬂ

1/2
+ B [sup(874cX) = PlaVie v (X))?
ac
Multi step analysis: Let us denote for h € [H],
Af (@) = Py Vi (@) = Bl Vin(2) and Ay(2) = sup|Af y(2)]. (68)

a€A

Note that
FE P o) = [ Pt (do'le) P (e ),
S
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Primal-dual regression for Markov decision processes 13

We then have

Vii(z) — Vi n(x) = sup {Rh(x, a) + P,’fHV,fH(x)} — sup {Rh(x, a) + ]Si?+1,NVh+1,N($)}

acA a€A
= Ri(e @) + [ Vi @)Poas (oo, i (0)

—sup { Ru(w,a) + Py Vi (@)}

a€A
< / (Vh*+1 - Vh+1,N) (@) Prar (da |z, 7} (2))

+ sup {Rh(:r, a) + P,?HVhH,N(:c)} — sup {Rh(a:, a) + ﬁ,f+1’NVh+17N(:c)}

acA a€A
< Pl (Vi = Vi) (@) + Au() ©9)
and analogously,
Vii(z) — Vi n(x) > P;;jfv Vs = Vi n)(z) — Ap(x). (6.10)

By iterating and (6.10) upwards, and using that Vi v = V7;, we obtain, respectively,

H—-h-1

Vii(z) = Van(z) < P[Lrjfl o Pﬂ;“[AHk] (x) + Ap(x), and
k=1
—h—1
Vi (@) = Van(z) > — Pt o Py T [Ans] () — Ap().
k=1
We thus have pointwise,
H-h—-1 X
Vi () = Van ()] < Pty Pt A (@)
k=1
H—h—1
+ Pyt Py [Ana] () + An(2)
k=1
which implies
H—h—1
Vi = Vil < 250 D 1P P [Anssl |l oy + 1281 12y -
T k=1
Hence we have
H—-1
Vi = Vil o,y < 2873 1A g,
I=h

(note that SR™** > 1), and then, by the definitions and the estimate (6.7), the statement of the theorem
follows. m

7 Convergence analysis of the dual algorithm

7.1 Convergence of martingale functions
For the dual representation (5.12) we construct an H-tuple of martingale functions 7 =

(Me+1.x0m(z,a), t € [H[), see for instance 1) from a given pre-computed H-tuple of approximate
value functions (V;41,v, t € [H[), based on sampled data, denoted by Dy, as outlined in Section [5

DOI 10.20347/WIAS.PREPRINT.2957 Berlin 2022
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Let us consider a fixed time ¢ € [H | and suppress time subscripts where notationally convenient. We fix two
(random) grids Sy, := {x1,..., 2} and A := {ay,...,ar} on S and A, respectively, and obtain values
of the coefficient functions ¢ 5y on Sy, X Ay, due to M simulations. Next, we construct

K
N1, &0 (T, @) = M1 xm (T, 0,€) = CI(,M(%G ch,M z, a)i(e),
k=1

for (x,a) € Sp x Ar. To approximate 741k a(,a) for (z,a) & Sp x AL, we suggest to use an
appropriate interpolation procedure described below, which is particularly useful for our situation where the
function to be interpolated is only Lipschitz continuous (due to the presence of the maximum). The optimal
central interpolant for a function f € Lip,(£) on S x A with respect to some metric pon S x A is defined
as

I[f)(z,a) = (Hf"(z,a) + H{*(2,a))/2,

where

Hy"(z,a) = max (f(z,d') = Lo((z,a), («, a)),

(CC’,(I’)ESLXAL

HP(x,a):=  min  (f(2',d) + Lp((x,a), (z/,a’)).

(I/,a/)ESLXAL

Note that HY(z,a) < f(z,a) < H{"(x,a), HPY, H{" € Lip,(£) and hence I[f] € Lip,(£). An
efficient algorithm to compute the values of the mterpolant I[ f] without knowing L in advance can be found
in Beliakov|[2006]. The so constructed interpolant achieves the bound

If = I[f]ll < Lpr(S,A) (7.1)
=L (2.0 Cox A (27 @) Ss XA p(z,a), (2, a)).

The quantity p7,(S,A) is usually called covering radius (also known as the mesh norm or fill radius) of
Sy, x Ay, with respectto S x A. We set

K
77t+1KM Z, (l = ch,M Z,da wk ) with aﬁM = ][Ck,M]-
=1
Furthermore, denote by cx (7, a) = [c1(z,a), ..., cx(x,a)]" the unique solution of the minimization prob-
lem
2
inf E.op (VtH(ICtH T,a,€) chwk ) (7.2)
€1y CK

forany (x,a) € S x A, and define 1; 1 x (7, a) := cj(z,a)h (). Let us make a few of assumptions.
Assumption 7.1 Assume that |Sg ;b (€)oo < Mgk foralle € E, and that Ep, (|9 (¢)|?] < 07, -

The following theorem provides a bound on the difference between the projection of the function
Vi1 (Kisi(z,a,-)) onspan(vn, ..., ¥k ) and its estimate 7,11, x, -
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Primal-dual regression for Markov decision processes 15

Theorem 7.2 Under Assumptions[6.1} (6.2, [6.3 and|[7.1]it holds that

E| sup [ne1,x(z, @) = D i (2, a)|2 S
(z,a)ESXA
9 K(LV,KLIC[’D(S X A) + LV,KLIC (S X A) + Vnﬁax)QA%,K
Q'L/J,K M
dPt+1('|x7 CL)

+KAEKQ¢K sup H t+1 WH,NH%Z(MH)

(z,a)ESXA

dﬂtﬂ(‘)
+ Ko}, i Ly L AR 1007 (S, A),

where S denotes < up to a natural constant, the constants Ly ., Lx, and the measure ji;.1 are defined in
Section[8.

Let us now consider the approximation error

2
&2@5 =FEege | sup ‘77t+1,K($, a) — 54z, a)]]

(z,a)€SXA

with
T (,0) = Vi (Kena (2,0,0)) — E [V (K (2,0,)] . (2,0) €S x A, 1€ [H]

Suppose that one has pointwise

N1 (T, @) ch 1(T, ) Uk(E41), (z,0) €S xA, tel[H]|

where (11,)ken is @ an orthonormal system in L?(E, Pg) with 1o = 1. If ||11]|cc < 9} forall k € N, then

€y = E| sup | > cGualmawE)|| < s | Y g a)l ]
(z,a)ESXA k=K +1 (z,a)ESXA k=K +1
If
sup Zk i1 (2, )by < C < o0 (7.3)

(z,a)€SXA LT

for some 3 > 0, then 5 , < C2K 27,

Discussion
B Let us discuss the quantity pr(S,A). LetS = [0, 1]%, A = [0, 1]% for some ds, dp € N and let the

points Sy, (A1) be uniformly distributed on S (A). Moreover set, p((z,a), (', d’)) = |[x—2'|+]a—d|.
Then, similarly to|Reznikov and Saff [2016] it can be shown that

1/d5 1/dA

where < stands for inequality up to a constant not depending on L.
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Proof. For the unique minimizer of one has that
CK (SL’, CL) = ZE,lK E [Vt:l (’Ct+1 (l‘, a, 8))1/)K(€)} : (7.5)

Likewise, the unique minimizer of the problem

inf E. p, [(V;ﬁ-{-l,N(’Ct-&-l(xa a,€)) — CTwK(g))Q |DN}

ceRK
is given by

i (2,a) = 3 i E [Vigr, v (Kraa (2, 0, €)) 9 i (€)| D] -
Now let cx n(x,a) be the Monte Carlo estimate of Cx(x, a) as constructed in Section [5, see and
(5.10). We then have

2

E sup  (cxn —Ck)' (z,a)P(e)| Dy

(z,a)eSXA

<E| sup |[(cnk— (_:K)T(x,a)’2 Dy | Eenpe [[¥0 ()], (7.6)

(z,a)ESXA

where according to Proposition (applied componentwise with p = 2 to the vector function f(z,a,c) =
Vi n (Kega (2,0, €)) 2g P (€), see €3)

B 9 K(LMKLKID(S X A) + LVJ(L;CD(S X A) + Vr;ax
sup  |(cx,ny — €x)(z,a)["| < i
(z,a)ESXA

. PN

(7.7)
Since for any pair (z,a) € S x A,

(e = ex) (@, a)* = [E [(Vi1 (Kia (3, 0,€)) = Vipr w(Kesa (2, 0,€)) S fetp ()| D] |
< / Vs (et (2, 0,€)) = Vigrw (Kesa (2, a,€)) | dPe(e) / S k¥ (e)| dPe(e)

. AP (|7, a . 2
<iazy s | e ) V) ()
(z,a)ESXA dpteia(+) 00
we have
2
E max (CK—EK)T(:E,CL)’t,bK(E)]
(I,a)ESLXAL

SE[ max |<cK—cK><x,a>F] B, [0 (0)]?

(Ct,a)GSL xXAr,

dPt+1('|ﬁL' Cl) )
<Ko A2, sup  ||—R T WAL = Vi . (7.8)
CRTERE aesall dpa () |l IV = Vel
Next due to (6.3), we derive for any k € [K],
ek (,a) — (2, )|
M
1 o -1
< M Z Virtn (Kea (2, a,6m)) = Vi v (K (27, @y 20) )| 2g % i (Em)
m=1

< Ly g LxAe kp((z,a), (2, d"))
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and so with I [cx v] := (I [e1n], .-, I [cx.n])T we further have

E

~ 2
sup ‘nt—i-l,K,N(xaa) - 77t+1,K,N(xaa)| ]
(z,a)eESXA

=K

2
sup |(exn = lexw]) (@00 (E0r) ]
(z,a)eSxA

<o,k sup |(exx —I[enk]) (z,a)
(z,a)ESXA

K

= Q?/;,K sup Z (conv —1 [Ck,N])Q (x,a)
(z,a)ESXA 1

S KQ?Z’,KL‘Q/,KL?CA%,Kp%(S7 A)? (79)
using (7.). Finally note that

Mt+1,K — ﬁt+17K7N = (CK - EK)T@bK + (EK - CK,N)leK + Ne+1,K,N — ﬁt+1,K7N

and then the result follows by the triangle inequality and gathering (7.6)—(7.9). m

7.2 Convergence of upper bounds

Suppose that the estimates 7 = (7;41(x, a), t € [H|) of the optimal martingale tuple n* = (7} (x,a), t €
| H]) are constructed based on the sampled data D, x such that Theorem holds. Consider for £ :=
(Me41(Se(a<y), ar), t € [H]) € =, the upper bias

Vp®(2:€) = Vi () = E,

a>0€AH

sup (2_: (Be(St(act), ar) = M1 (Se(axe), ar)) + F(SH)>

—E, | sup (Z Ri(Si(a<r), ar) — mpy 1 (Si(acy), at)) —l—F(SH))

(l>0 GAH

-1

H-1
St a<t at Z N+ St a<t) at)

=0 t=

<E;| sup
_CLZ()EA

H-1 [
< E,| sup ‘UZH(IB, a) — Nea (7, a)’]

—0 _(m,a)GSXA
H-1 T 1/2
« ~ 2
S Ex sup ‘nt—l—l(xv a) — N1 (ZL’, a)‘ ] ’
—0 _(a:,a)ESXA

Furthermore, similarly,

Var

sup <Z_: (Ri(Se(a<t), ar) — N1 (Si(acy), ar)) + F<SH>>

axo€Af \ 2o

SUPg. neAH < . (Rt<5t(a<t) at) - "7t+1(5t(a<t)a at)) + F<SH))
— SUPg_ jeAH ( (Rt(St(a<t),at) N1 (St(a<t), a )) + F(SH))

H-1 2
<k (Z Sup ‘n:+l(xva)_ﬁt+1(x’a)’>

—0 (z,a)ESXA

= Var
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Hence for the standard deviation we get by the triangle inequality,

Dev

azo0€AT \ 1o

sup (Z (Re(Se(a<t), ar) = h41(Se(a<e), ar)) + F(SH))]

H-1
E

1/2
~ 2
sup ‘77:+1($7@) - nt—l—l(x?a){ ] :
t=0

(z,a)ESXA

Thus, for the Monte Carlo estimate of V' (x; £),

Ntest H_l
u - 1 n ~ n n
Vo N (:6) = sup ( (RS (ace), @) = Tea (57 (a<0), a0)) +—FKSéJ>>
test 1 aso€AH \ T
with
S (acy) = Ki(S™ (acr 1), a0 1,6"), t€lH], ST =,
we obtain

1/2

~ ~ / ~
s@Wﬁmm@4wweﬂ Ve €) — V5 (@)
H-
Z

t=0

up - * 2 1/2
E[VoR,... (2:8) = Vi (@)

IN

1/2
~ 2
sup ‘77:+1(xa a) — N1 (2, a)| ]
(z,a)ESXA

+
||M|m
=

sup |77t*+1($a a) — ey (z, a)‘]
(z,a)eSxA

< VNtest ZE

1/2
~ 2
sup ‘n;rl(x,a) - 77t+1($7a)’ ] :
(z,a)ESXA

A Some auxiliary notions

The Orlicz 2-norm of a real valued random variable 7 with respect to the function (z) = ¢** — 1,z € R,
is defined by ||7]|,2 := inf{¢t > 0 : E [exp (n?/t*)] < 2}. We say that ) is sub-Gaussian if ||1)||,2 < oc.
In particular, this implies that for some constants C', ¢ > 0,

2

c
171132

Consider a real valued random process (X;);c7 on a metric parameter space (7,d). We say that the
process has sub-Gaussian increments if there exists /X > 0 such that

X — X |lp0 < Kd(t,s), Vt,seT.

P(ln| > t) <2exp <— ) and E[jn[F]'? < C/plnll,e foral p>1.

Let (Y, p) be a metric space and X C Y. For ¢ > 0, we denote by N(X, p, €) the covering number of the
set X with respect to the metric p, that is, the smallest cardinality of a set (or net) of <-balls in the metric p
that covers X. Then log N/ (X, p, ) is called the metric entropy of X and

D(X)
= / \/log./\/'(X, 0, u) du
0

with D(X) := diam(X) := max, ,»ex p(x, 2’), is called the Dudley integral. For example, if | X| < oo and

p(x,x") = 1z we get Ip(X) = /log [X].
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B Estimation of mean uniformly in parameter
The following proposition holds.

Proposition B.1 Let f be a function on X X = such that

f(x,8) = f(@,§)] < Lp(x, 2") (B.1)
with some constant L > 0. Furthermore assume that ||f|l.c < F < oo for some F' > 0. Let &,
n=1,..., N, beiid. sample from a distribution on =. Then we have

al ' LIp+(LD+F)/p
]El/p Sup |+ Z $ gn Ef(xvgn)) ] 5 > P

reX ) \/N ’

where < may be interpreted as < up to a natural constant.

Proof. Denote
1 N

with M (z) = E[f(x,€)], thatis, Z(x) is a centered random process on the metric space (X, p). Below
we show that the process Z () has sub-Gaussian increments. In order to show it, let us introduce

Zn = f(2,&) — My(z) — f(2',&) + My(2').
Under our assumptions we get
HZH||¢2 ,S Lp(a:,x'),

that is, Z,, is subgaussian foranyn =1, ..., N. Since

N
Z(x) - Z(') = NN "7,
n=1

is a sum of independent sub-Gaussian r.v, we may apply [Vershynin, 2018, Proposition 2.6.1 and Eq. (2.16)])
to obtain that Z(z) has sub-Gaussian increments with parameter X =< L. Fix some z, € X. By the
triangular inequality,

sup|Z(z)| < sup |Z(x) — Z(2") +[Z(x0)] -

zeX z,z’ €X

By the Dudley integral inequality, e.g. [Vershynin, 2018, Theorem 8.1.6], for any 6 € (0, 1),

sup |Z(z) — Z(2)| < L[Ip + Dv/log(2/0)]

z,x’'eX

holds with probability at least 1 — . Again, under our assumptions, Z () is a sum of i.i.d. bounded centered
random variables with 15-norm bounded by . Hence, applying Hoeffding’s inequality, e.g. [Vershynin,[2018,

Theorem 2.6.2.], for any ¢ € (0, 1),
Z ()| S F'1/1og(1/6).
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