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Abstract

We focus on s-rectangular robust Markov de-
cision processes (MDPs), which capture inter-
connected uncertainties across different actions
within each state. This framework is more general
compared to sa-rectangular robust MDPs, where
uncertainties in each action are independent. How-
ever, the introduced interdependence significantly
amplifies the complexity of the problem. Existing
methods either have slow performance guaran-
tees or are inapplicable to even moderately large
state spaces. In this work, we derive optimal ro-
bust Bellman operators in explicit forms. This
leads to robust value iteration methods with signif-
icantly faster time complexities than existing ap-
proaches, which can be used in large state spaces.
Further, our findings reveal that the optimal poli-
cies demonstrate a novel threshold behavior, se-
lectively favoring a limited set of actions based on
their respective advantage functions. Additionally,
our study uncovers a noteworthy connection be-
tween the robustness of a policy and the variance
in its value function, highlighting that policies
with lower variance exhibit greater resilience.

1. Introduction

In Markov Decision Processes (MDPs), an agent interacts
with the environment and learns to behave optimally in it
(Sutton & Barto, 2018). However, the MDP solution can
be highly sensitive to even minor alterations in model pa-
rameters (Mannor et al., 2004). Consequently, caution is
warranted when applying MDP solutions in scenarios involv-
ing dynamic model changes or parameter uncertainties to
avoid catastrophic failures. On the other hand, robust MDPs
consider a possible set of environments (uncertainty sets)
instead of a single environment, and the goal is to obtain
a solution whose worst performance over the uncertainty
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set is optimal. Hence, robust MDPs’ solutions are more
resilient in the face of model uncertainty (Hanasusanto &
Kuhn, 2013; Tamar et al., 2014; Iyengar, 2005). The study
of robust MDPs is further motivated by their potential to
yield superior generalization compared to non-robust solu-
tions (Xu & Mannor, 2010; Zhao et al., 2019; Packer et al.,
2018).

Unfortunately, solving robust MDPs is a complex prob-
lem in general. Consequently, most existing solutions ex-
ist for a special class of uncertainty sets, which are sa-
rectangular (Nilim & Ghaoui, 2005; Iyengar, 2005; Wang
& Zou, 2021; 2022). This setting models various problems,
where model uncertainty in one state-action is independent
from uncertainty in other state-actions. However, in many
cases, the model uncertainty in one action can be coupled
to the other actions in the same state, which are captured
by s-rectangular uncertainty sets (Wiesemann et al., 2013).
However, this coupling comes with additional complexities
and presents a great difficulty in obtaining the solutions,
and hence, only a handful of existing work exists on the
topic (Wiesemann et al., 2013; Ho et al., 2020; Derman
et al., 2021). Unfortunately, capturing the further coupling
in uncertainties across different states is proven to make the
problem strongly NP-hard (Wiesemann et al., 2013).

Related works. Most of the works in robust MDPs are
for sa-rectangular uncertainty sets (Iyengar, 2005; Nilim &
Ghaoui, 2005; Kaufman & Schaefer, 2013; Bagnell et al.,
2001; Hanasusanto & Kuhn, 2013; Abdullah et al., 2019).
Notably, for sa-rectangular R-contamination robust MDPs,
(Wang & Zou, 2021) derived robust Bellman operators,
which are equivalent to value-regularized-non-robust Bell-
man operators, enabling efficient robust value iteration.
Building upon this work, (Wang & Zou, 2022) derived a
robust policy gradient equivalent to a non-robust policy
gradient with regularizer and correction terms. Unfortu-
nately, these methods cannot be naturally generalized to
s-rectangular robust MDPs.

A naive LP (linear programming) can evaluate s-rectangular
optimal robust Bellman operators with uncertainty sets con-
strained by L1 norm, with time complexity O(S°>A4%5),
where S, A is the cardinality of state space, and action space
respectively. This brute force method is prohibitively expen-
sive and restrictive to only polyhedral uncertainty sets.
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Table 1. Related Work: Computation of Optimal s-rectangular L, constrained Robust Bellman Operator 7{4511

LP (Wiesemann (Ho et al., (Derman Ours Ours Ours
etal.,2013) 2020) et al., 2021)

p 1 1,2 1 p 1,00 2 D
Method LP SDP Bisection  Gradient Close form  Algorithm Binary Search
Solution Approx  Approx Exact Approx Exact Exact Approx
Complexity O STAT ST 4534 S3A NA S2A S2A S2A
Contraction factor | ~y v vy Y(1+VSB*) ol vy
Valid Kernels Yes Yes Yes No Yes Yes Yes
Optimal  Policy | No No No No Yes Yes Yes
Characterization

SDP and LP stand for semi-definite programming and linear programming, respectively, 5* = maxscs s,

O hides logarithmic factors in S, A, e.

In further generality, (Wiesemann et al., 2013) uses the SDP
(semi-definite programming) methods for uncertainty set
which are finite intersections of closed half-spaces and el-
lipsoids, as described in (3a) and (3b) of (Wiesemann et al.,
2013). This approach can approximately evaluate optimal
s-rectangular Bellman operator up to e-accuracy, with time
complexity of O(m?13/2S log e~ +m.S2 A) (Corollary 1 of
(Wiesemann et al., 2013)), where m, [ is degree of freedom
and number of constraints respectively. This framework can
describe s-rectangular Lo constrained uncertainty sets for
the degree of freedom m > S, and number of constraints
I = S as a special case. This makes their worst case com-
plexity O(S°®log et + S3A) which is very expensive.

On the other hand, focusing only on L; constrained s-
rectangular robust MDPs, (Ho et al., 2020) for the first
time, evaluated the optimal robust Bellman operator ex-
actly. The approach uses a combination of homotopy
and bisection methods which has the time complexity
of O(CSAlog(SA) + AlogCSlogCSA) at each state,
where 0 < C < S is the number of states where uncer-
tainty is present. Hence, the worst-case time complexity
to evaluate robust optimal Bellman operator for all states
is O(S2Alog(SA) + SAlog S? log S2A) which has a con-
siderable speedup over existing LP and SDP methods. How-
ever, how this method can be extended for other L, norms
is unclear.

Additionally, some works have explored robust MDPs from
a regularization perspective (Derman et al., 2021; Derman
& Mannor, 2020; Husain et al., 2021; Eysenbach & Levine,
2021). Specifically, (Derman et al., 2021) showed that s-

rectangular L, robust MDPs are equivalent to reward-value-
policy regularized MDPs, and proposed R? Bellman opera-
tors. These optimal R? Bellman operators are obtained via
gradient-based policy iteration methods. However, the work
has the following limitations: a) It makes unrealistic as-
sumptions on kernel noise (Corollary 4.1 of (Derman et al.,
2021)); b) It assumes an extra condition on the uncertainty
radius (assumption 5.1 of (Derman et al., 2021)), and; c) The
contraction factor of R? Bellman operator is greater than
(1 + \/@maxseg Bs) where v, S, 35 is discount factor,
state space, and uncertainty radius in transition kernel in
state s respectively (Assumption 5.1 and Proposition 5.1 of
(Derman et al., 2021)). The above contraction factor quickly
grows to 1, making the R? Bellman operators inapplicable
for even moderately large state-space problems.

As summarized in Table 1, the existing methods are either
slow or inapplicable for large state problems. Furthermore,
it is well established that the robust policies in s-rectangular
robust MDPs can be stochastic (Wiesemann et al., 2013).
Unfortunately, nothing is known about the nature of its
stochasticity.

We summarize our contributions as follows with a summary
in Table 1:

* Our work introduces a regularizer, providing a novel in-
sight that policies with lower variance in value function
are more robust to the change in transition kernels.

* We unveil the exact nature of optimal robust policies
in s-rectangular robust MDPs and show it as threshold
policies. It plays only the top few actions proportional
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to their advantage functions and avoids playing very
bad actions. This policy class contrasts with the widely
used soft-max policies that play all the actions (Mai &
Jaillet, 2021; Grill et al., 2019; Yang et al., 2019).

* Our methods evaluate the optimal robust Bellman oper-
ators for s-rectangular uncertainty sets constrained
by L, norms, with time complexity of O(S?A +
SAlog A) for p = 1,2 and O(S?A + SAlog 2) for
general p, which is faster than existing methods by at
least a factor of S, which leads to efficient value itera-
tion which can be used in large state space problems.

Further, (Kumar et al., 2023; Gadot et al., 2023) build upon
our work to derive policy gradient methods for robust MDPs
with uncertainty set constrained by L, norms, then (Zhou
et al., 2023; Wang et al., 2023) utilized the insights to de-
velop pessimistic sampling methods for robust MDPs. Ad-
ditionally, there exist different lines of work such as soft-
robust MDPs (Derman et al., 2018), k-rectangular robust
MDPs (Mannor et al., 2016), r-rectangular robust MDPs
(Goyal & Grand-Clément, 2018). However, this work fo-
cuses on s-rectangular uncertainty sets.

2. Preliminary

A Markov Decision Process (MDP) can be described as a
tuple (S, A, P, R,~, v), where S is the state space, A is
the action space, P is a transition kernel mapping S x A
to Ag, R is a reward function mapping S x A to R, p is
an initial distribution over states in S, and +y is a discount
factor in [0,1) (Puterman, 1994; Sutton & Barto, 2013).
A policy 7 : § — Ag is a decision rule that maps state
space to a probability distribution over action space. Further,
m(als), P(s'|s,a) denotes the probability of taking action
a in state s by policy 7, and the probability of transition to
state s’ from state s under action a respectively. In addition,
we denote P7(s'|s) = Y m(als)P(s'|s,a) and R™(s) =
> . m(als)R(s,a) as short-hands. The return of a policy 7,
is defined as pfp p) = (u,vzrpﬁ)} where v(p gy = (I -
vP™)~1R™ is value function (Puterman, 1994).

A robust Markov Decision Process (MDP) is a tuple
(S, A, P,R,, 1) which generalizes the standard MDP, by
containing a set of transition kernels P and set of reward
functions R. Let uncertainty set i/ = P X R be a set of
tuples of transition kernels and reward functions (Iyengar,
2005; Nilim & Ghaoui, 2005). The robust return of a policy
m, is its performance over the uncertainty set I/, defined
as pj; = minp rycy p’TR R) The objective is to find an
optimal robust policy 7/, that achieves the optimal robust
performance pj;, defined as

oy = mgxpl’;. 1)

Unfortunately, a general solution to the robust objective (1),
is proven to be strongly NP-hard for both non-convex sets
and convex ones (Wiesemann et al., 2013). Hence, it is
common practice to take the sa-rectangular uncertainty sets
U*?, where ambiguity in each state and action are indepen-
dent (Iyengar, 2005; Nilim & Ghaoui, 2005; Wang & Zou,
2021; 2022). Formally defined as /°® = P x R is decom-
posed over state-action-wise as R = X(4,q)esx.ARs,q and
P = X(s,a)esx4Ps,a where R 4, Ps o components sets.

However, many classes of uncertainty sets arise in practice,
where ambiguities in a given state are correlated. This type
of uncertainty sets are captured by s-rectangular uncertainty
sets U/, defined as U° = P x R, where R and P can be
decomposed state-wise as R = XgcsRs and P = X 3csPs
(Wiesemann et al., 2013). Note that its special case is sa-
rectangular uncertainty sets.

The robust value function vj; and optimal robust value func-
tion v}, (Iyengar, 2005; Nilim & Ghaoui, 2005), for any
uncertainty set U can be defined state wise, for all 7, as

min v (s).

vy (s) = (PReu

(PI,II%%Z/{ uip,r)(3),

v (s) =
Fortunately, the decoupling structure in s-rectangular un-
certainty sets allows the existence of a kernel and a reward
function that minimizes the value function over the uncer-
tainty set for each state for any given policy. Similarly, it
allows the existence of an optimal optimal robust policy that
maximizes the robust value in each state (Wiesemann et al.,
2013). Mathematically, the robust value function is to be
rewritten as

Upye = MAaX Uy, Uy = min
™

(PR)eus (PR

Hence, the robust return can be rewritten as pJ;, =
(e, vfy), and pf, = (u,v],). Most importantly, this rect-
angularity implies the existence of contractive robust Bell-
man operators, which are pivotal same as non-robust MDPs
(Wiesemann et al., 2013). Specifically, the robust value
function v/}, and the optimal robust value function v;; is the
fixed point of the robust Bellman operator 7,7 and the opti-
mal robust Bellman operator 7, respectively (Wiesemann
et al., 2013; Iyengar, 2005), defined as

Tv:= min

T7% v, and 7T,jv:=maxT, v
(P.Ryeu T u ra

where T p v := R™ 4+~ P7v is non-robust Bellman opera-
tor (Puterman, 1994). Moreover, these robust Bellman oper-
ators are - contraction maps (Wiesemann et al., 2013), that
is |50 — Tyjulloo < yllu —vlloc, and [ 570 — TFullo <
Y = v|loos, Vm,u,v. So for all initial values v, v,
sequences defined as v, , = T v}, vy 1 = T vy,
converge linearly to their respective fixed points, that is
vy — vy and vy — v;,. Given this optimal robust value
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Table 2. p-variance

p | Kp(v) Remark

max, v(s)—ming v(s)

Semi-norm

o

2 \/Zg (v(s) — w )2 Variance

L S (s -
Zf:r(s+1)/21 v(s;) Top half - lower half

where v is sorted, i.e. v(s;) > v(si41) Vi.

function, the optimal robust policy can be computed as:
;€ argmax, T;; vy, (Wiesemann et al., 2013). This
makes the robust value iteration an attractive method for
solving s-rectangular robust MDPs.

3. Method

We consider uncertainty sets constrained by L,, norm around
the nominal values that occur naturally in practice (Derman
et al., 2021; Ho et al., 2020; Auer et al., 2008). We de-
rive robust Bellman operators in concrete forms for these
uncertainty sets, producing efficient robust value iteration
methods. Additionally, we explicitly obtain the exact nature
of the robust optimal policies.

We begin with a more straightforward case of sa-
rectangular robust MDPs as a warm-up to the more complex
s-rectangular counterpart.

Here, we make a few useful definitions that will be used
throughout the paper. We reserve ¢ for Holder conjugate of
p, i.e. % + % = 1. Let p-variance function k), : S — R be
defined as

= i — 1 2
ip(v) := min||v — wil],, &)

where 1 is all-ones vector. For p = 1, 2, 0o, the p-variance
function «,, has intuitive closed forms as summarized in Ta-
ble 2. For general p, it can be calculated by binary search in
the range [min, v(s), max; v(s)] ( see appendix for proofs).

3.1. sa-rectangular L, robust MDPs

Let Py, Ry be any valid transition kernel and reward func-
tion, which we call nominal values. In accordance with
(Derman et al., 2021), we define sa-rectangular L,, con-

strained uncertainty set {4,“ as

Uy = (Po+P) x (Ro +R)
R={ ReRS*A||R(s,a)| < s },  and
P = {P € ]RSXAXS : ZR&(I(SI) = Oa ||R€,(L||P S Bs,a}

simplex condition

where P, R are noise sets around nominal kernel P, and
nominal reward R respectively, component wise bounded
by radius vectors «, 5. Note that the noise sets, by con-
struction, are sa-rectangular. To ensure, all the kernels in
(Py + P) are valid, we assume the radius vector (3 is small
enough and further impose the ’simplex condition’. The
condition requires all the elements of P to have a sum of
zero across each row. Hence, it ensures each transition ker-
nel in (P + P) has the sum of each row equal to one, as P
is a valid transition kernel that already has the sums to be
ones.

Our setting differs from (Derman et al., 2021) as they did
not impose this simplex condition on the kernel noise. It
renders their setting unrealistic because the probabilities
do not sum to one for some transition kernels in their un-
certainty set. Imposing the simplex condition makes our
reward regularizer dependent on the g-variance of the value
function k4 (v), instead of the ¢g-th norm of value function
lv|lq in (Derman et al., 2021). Observing that the two regu-
larizers differ significantly can produce contrasting results
when applied in practice.

Note that noise in one action is independent of the noise
in other actions in any given state (Iyengar, 2005; Nilim &
Ghaoui, 2005). This independence allows us to evaluate the
robust Bellman operators comfortably using only nominal
values and regularizers, as shown in the result below.

Theorem 3.1. sa-rectangular L,, robust Bellman opera-
tors are equivalent to reward-value regularized (non-robust)
Bellman operators:

(Ti0)(s) = Y m(als) | =0 = VBsatia(v)+

a

Ro(s,0) +7°Y_ Po(s'|s,a)o(s") |

S

(7;;}5)&’())(5) :EHGaj‘( |: —Qs,a — ’Yﬁs,a"fq(v)—‘r

Ro(s,a) +~ Z Py(s'|s,a)v(s) } ,
where q is Holder’s conjugate of p.

Proof. The proof is in the appendix, mainly consisting of
two parts: a) Separating the noise from nominal values. b)
The reward noise to yields the term —o; , and noise in
kernel yields —7yf; o kq(v). O
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The reward penalty is proportional to the uncertainty ra-
diuses and a novel variance function x,(v).

The variance regularizer r,(v) penalizes the policy with
high variance in their value function. In other words, the
policies having low variance in their value functions are less
sensitive to the perturbation of the transition kernel, and
vice versa. The significant variance in value function makes
the adversary more powerful, as it can choose the kernel to
send the agent to relatively bad value states.

Further, we recover non-robust value iteration by putting
uncertainty radiuses (i.e., &5 4, 3s,4) to zero in the above
results. Furthermore, the same is true for all subsequent
robust results in this paper.

Further discussion on Q-value iteration, etc, can be found in
the appendix. Now, we move to s-rectangular case, which
is the core contribution of the paper.

3.2. s-rectangular L, robust MDPs

This subsection discusses the evaluation of robust Bellman
operators for the s-rectangular uncertainty set. We begin by
defining s-rectangular L, constrained uncertainty set 4, as

Z/{; = (P() +P) X (RO +R)

where each component are bounded by L,, norm with radius
vectors o and small enough S as

R={ReR*|R(s,)[lp < s},
P={P RS |P, < B:, Y Puls',a) = 0},

s/

and

where P;(s’,a) is shorthand for P(s’|s,a). Note that this
setting allows the noise in one action to be coupled with
other actions in a given state (Wiesemann et al., 2013).
The result below shows that this coupling presents an extra
dependence on the policy term in the policy evaluation for
the s-rectangular robust Bellman operator compared to the
sa-rectangular counterpart.

Theorem 3.2. (Policy Evaluation) s-rectangular L,, ro-
bust Bellman operator is equivalent to reward-value-policy
regularized (non-robust) Bellman operator:

(T0)(s) = — [ o + YBakig(v) ] [Imally+
> wlals) [ Rols, )+ Pols'ls,a)u(s") |,

a

where ||| is g-norm of the vector w(-|s) € A 4.

Proof. The proof in the appendix: the techniques are similar
to its sa-rectangular counterpart. O

In this case, the reward penalty has an additional depen-
dence on the g-norm of the policy (||75||,). Note that |||,

is maximum for deterministic policies and attains the mini-
mum value for uniform policies in state s. Hence, the policy
norm term ||7s||, is conceptually similar to entropy regu-
larization ) 7(als) In(m(als)), which is widely studied in
the literature (Mai & Jaillet, 2021; Grill et al., 2019; Yang
et al., 2019; Haarnoja et al., 2017; Schulman et al., 2017).
As we can see, in the above result, the policy norm reg-
ularizer |7, ||, penalizes the deterministic policies, hence
encouraging the stochasticity in the policy.

Note: It is widely believed that the stochasticity in the policy
improves exploration during learning. In addition, the above
result shows another benefit of policy stochasticity: they
can improve robustness, leading to better generalization.

In summary, value variance and policy norm penalty terms
in policy evaluation indicate that the policies with more
stochasticity and low variance in their value function are
more robust to environmental perturbations and vice versa.

Now, we move to policy improvement, which is challenging
due to the policy regularizer term, thus presenting a richer
theory.

The result below states that the optimal robust Bellman
operator is the solution of a polynomial equation, which we
discuss next how to obtain it.

Theorem 3.3. (Policy improvement) For any vector v and
state s, (T;}.v)(s) is the minimum value of x that satisfies
p

[Z (Q(s,a)—w)pl (Q(s,a) Zm)}%:@ 3)

a

where 1 is indicator function, Q(s,a) = Ry(s,a) +
Y2 Po(s]s,a)v(s"), and o = ag + vBskq(v).

Proof. The proof is in the appendix. The main steps are:
From definition and Theorem 3.2, we have

(Ti0)(s) = max(T0)()

max | (T, ) 0)(5)= [ s +78urq (0) ] Il |
= manA@rs,Qs) —ol|lmsllq  (where Qs = Q(:]s)).

T €
The solution to the above optimization problem is techni-
cally complex. Specifically, for p = 2, the solution is known
as the water filling/pouring lemma (Anava & Levy, 2016),
and we generalize it to the L,, case. O

To better understand the nature of (3), we look at the ’sub-
optimality distance’ function g,

g(x) ::[Z (Q(s,a)—x)pl (Q(s,a) zm)}

a

=
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Table 3. Optimal robust Bellman operator and optimal robust policy

U (Tjv)(s) 7y (als) o

us minz : H( Qu—z1)o0l (Qs>u )Hp: oa(v,8)  A(s,a)1(A(s,a) > 0)

u: e, Shot Qo) o (v 1(A(s, ) > 0)

Us By algorithm 1 A(s,a)1(A(s,a) > 0)

us, maxees Q(,a) — 01(v, 5) 1(A(s,a) = 0)

U maxeea | Q(5,a) — Aga — VBrakig(v) 1(A(s, @) = masx, A(s, a))
(Py, Ry) max, Q(s,a) 1(A(s,a) = 0)

where Q(s,a) =

Observe that g(x) captures the difference between x and the
Q-values, summed over actions whose Q-value is greater
than x. Note that the function g monotonically decreases
in z as each term in the sum decreases. Further, it at-
tains its lowest value of zero at + = max, Q(s,a) as
no action can have a Q-value greater than the maximum.
On the other hand, the function value is at least o for
x = max, Q(s,a) — o, as the term corresponding to the
best action alone makes enough contribution.

Since, (7;.v)(s) is the value of z at which the ”sub-

optimality distance” g(x) is equal to the “uncertainty
penalty” o. Hence, (3) can be approximately solved using a
binary search between a narrow interval [max, Q(s,a) —

o, max, Q(s,a)].
Now, we examine the following dependence of (7,5, v)(s)
on p, as, and S,:

* For o = § = 0 then ¢ = 0, implying (7;}.v)(s) =
P
max, Q(s,a), same as non-robust case.

* For p = oo, we have, (7;}.v)(s) = max, Q(s,a) — o,
P

same as sa-rectangular case.

e For p = 1, (3) becomes linear, which can solved
. « ZIL Q(s,a;)—0c
in closed form as (7,;.v)(s) = max; ==1-3"-"—

p
where Q-values are sorted as Q(s,a1) > Q(s,az) - -

* For p = 2, (3) becomes quadratic, and (7;}.v)(s) can
be be obtained in at-most A steps by Algorithm 1.

* As a; and B, increase, o increases, resulting in a

*

decrease in ( ubv)( ) with a decaying rate. More-
over for sufﬁ01ently small o, we have (T} Usv v)(s) =

max, Q(s,a) — 0.

Ry(s,a) + vPo(|s,a)v, sorted Q-value: Q(s, az
O'q(’l),s) :as+768Kq( ) Qs —Q( S, ) A(S a) Q(

)= = Q(s,aa),
a) — vy(s), o is Hadamard product.

Algorithm 1 s-rectangular Lo robust Bellman operator (see
algorithm 1 of (Anava & Levy, 2016)
Input: 0 = as +7Bsk4(v), k=0, A=
Output: A = (T7:v)(s).

Q(Sv al) -

1: Sort such that Q(s,a1) > Q(s,az), -+ > Q(s,a4).
2: whilek < A—1and A < Q(s, ak) =

k+1do
3:
o2 Q(s,a;) kQ(s,a;)
A= ko + (Z 2 )
=1
+ Zf:l Q(Sy al)
k

4: end while

To summarize, (3) can be solved in the closed form p =
1,00, by Algorithm 1 for p = 2, and approximately by
binary search for general p, as summarized in table 3 with
proofs in appendix.

In this section, we demonstrated that robust Bellman opera-
tors can be efficiently evaluated for both sa and s rectan-
gular L, robust MDPs, thus enabling efficient robust value
iteration.

In the following sections, we discuss optimal policies’ na-
ture and robust value iteration’s time complexity. Finally,
we present experiments validating the time complexity of
robust value iteration.
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4. Optimal Robust Policies Characterization

Here, we study the optimal policies in s-robust MDPs,
which are known to be stochastic, in contrast to determinis-
tic optimal policies in non-robust and sa-rectangular robust
MDPs (Wiesemann et al., 2013). Unfortunately, nothing
further is known about its stochastic nature.

In the above sections, we discussed computing the robust
optimal value functions. Using that robust value function,
the optimal robust policies can be derived by the following
relation

7y € arg max T,j gy, (Wiesemannet al., 2013).
This implies, the robust optimal policy 77 (|s) at state s, is
the policy 7 that maximizes

zazﬂ(cds) (Pr,%i)%u [ R(s,a) + V;P(s’|s, a)vy(s') } .

For sa-rectangular robust MDPs, from Theorem 3.1, it
is clear that a sa-rectangular L, robust MDP admits a de-
terministic optimal robust policy just like non-robust MDPs.
This policy takes an action that maximizes the regular-
ized Q-value Q(s,a) = —as.q — VBs,akq(v) + Ro(s,a) +
v Po(s]s, a)vi,;a(s’) in state s.

However, for s-rectangular robust MDPs, from Theorem
3.2, we get the optimal policy 7;;.(-|s) in state s is the

maximizer of — [ o + 7Bskq(v) | [I7sllq + X, w(als) |
Ro(s,a) +v>, Po(s']s, a)vi{;(s’) | over 7. The result
below solves this maximization problem and provides the
first explicit characterization of robust optimal policies.

Theorem 4.1. The optimal robust policy 7}, can be com-
p
puted using optimal robust value function as:

i (al3) o [Q(50) — (NP1 ( Qlsy0) > v7(5) )
where Q(s,a) = Ro(s,a) +v . Po(s'|s, a)vzj;(s).

Notice that the above optimal policy is a threshold policy,
exclusively selecting actions with a positive advantage func-
tion. The selection is proportionate to the advantage values,
assigning greater significance to actions with higher advan-
tages while avoiding actions that offer little utility. It is
worth highlighting that this policy diverges from the optimal
policy in soft-Q learning with entropy regularization. In the
latter, the policy follows a softmax distribution, expressed as
m(als) oc e(@al$)=v()) 'where actions are selected based
on a combination of the action’s Q-value and the state’s
value (Haarnoja et al., 2017; Mai & Jaillet, 2021; Schulman
etal., 2017).

Notably, the parameter p in the above robust optimal policy
acts similarly to temperature variable 7 in soft-max policy,

Algorithm 2 Online s-rectangular L,, robust value iteration

Input: Initialize Q, v randomly, sg ~ .
Output: v = vy]j..
p

1: while not converged; n = n + 1 do
2:  Estimate x,(v) using table 2. Then approximate
(T.v)(sy) using table 3 and update

v(sp)]-
3:  Play action a,, = a with probability proportional to
[Q(sn,a) = v(sn)]" ' 1(Q(5n, a) = v(sn)),

4:  Get the next state s,+1 from the environment and
update Q-value:

v(sn) = v(sn) + nn[(ﬁ%v)(sn) -

Q(Sn7 an) :Q(Sn7 an) + 77’:1 [R(Sna an)
+ 'Yv(sn+1) - Q(Sna an)]-

5: end while

Total cost O

(P,R) log(1/€)S?A

us? log(1/€)S%A

us? log(1/€)S%A

uss log(1/€)S%A

uy log(1/€)(S?A + SAlog(A))

Us log(1/€)(S?A + SAlog(A))
Us, log(1/€)S%A

Uy* log(1/€) ( S2A + Slog(S/e) )
Uy log(1/€) ( S2A+ SAlog(Afe) )
Uconver StrOngly NP-Hard

Table 4. Time Complexity of Robust Value Iteration

controlling skewness of the policy distribution over actions.
The robust optimal policy and the soft-max policy move
towards the best action deterministically as their tempera-
ture variables increase. For concreteness, the exceptional
cases of the above theorem for p = 1, 2, 0o, and others are
summarized in table 3.

5. Complexity and Experiments

In this section, we examine the time complexity of ro-
bust value iteration: v,41 := T;jv, for different L, ro-
bust MDPs assuming the knowledge of nominal values (P,
Ry). Since, the optimal robust Bellman operator 7;; is -
contraction operator (Wiesemann et al., 2013), meaning that
it requires only O(log(1)) iterations to obtain an e-close
approximation of the optimal robust value. The main chal-
lenge is to calculate the cost of one iteration.
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Figure 1. Relative cost of value iteration w.r.t. non-robust MDP at

different S with fixed A = 10.

Table 5. Running cost (time) for value iteration relative w.r.t. non-
robust MDP

‘ Linear Program ‘ Ours
S A Uy u; uie Us* Uy Uus

10 10 1438 72625 1.7 15 14 26
30 10 6616 629890 1.3 14 15 28
50 10 6622 4904004 15 19 12 24
100 20 16714 N/A 14 15 11 21

Evaluating the optimal robust Bellman operators in Theo-
rem 3.1 and Theorem 3.3 has three main components. A)
Computing «,(v), which can be done differently depend-
ing on the value of p, as shown in Table 2. B) Computing
the Q-value from v, which requires O(S2A) in all cases.
Finally, C) Evaluating optimal robust Bellman operators
from Q-values requires different operations, such as sorting
the Q-value, calculating the best action, and performing a
binary search, as shown in Table 3. The overall complexity
of the evaluation is presented in Table 4, with the proofs
provided in the Appendix M.

Table 4 and Figure 1 demonstrate the relative cost (time) of
robust value iteration compared to non-robust MDP for ran-
domly generated kernel and reward functions with varying
numbers of states S and actions A. The Appendix H shows
more results and details.

For large state spaces (S > Alog(Ae™!)), the computa-
tional complexities for each robust MDP in Table 4 is the
same as non-robust MDPs (O(S% A log e~ 1)), which is also
confirmed empirically in Figure 1.

Further, Table 5 presents empirical relative time w.r.t. non-
robust MDPs for value iteration using our methods and
LP (linear programming). Our method scales very well
with state and action spaces, while LP methods become
primitively expensive in large state-action spaces.

All experiments are repeated 500 times, resulting in some
stochasticity in the results. However, the standard deviations
were found to be 1-10%, making the trend clear.

6. Discussion

We presented an efficient robust value iteration for s-
rectangular L,-robust MDPs, which is not only faster than
existing methods but also can be easily adapted to an online
setting, as illustrated by Algorithm 2. Note that the algo-
rithm is a two-time-scale algorithm, where the Q-values are
approximated at a faster time scale, and the value function
is approximated from the Q-values at a slower time scale.
The p-variance function k,, can be estimated online using
batches or other sophisticated methods. The algorithm’s
convergence can be guaranteed from (Borkar, 2022).

We also introduce a novel value regularizer (x,,) and a novel
threshold policy, which may help obtain more robust and
generalizable policies.

We consider uncertainty sets constrained by the L, norm,
which is an essential and natural family of norms to consider.
Moreover, adaptation to a general norm for sa-rectangular
case is trivial (only s changes in Theorem 3.1) but challeng-
ing for s-rectangular case, as discussed in the appendix.

Finally, a take-home message is that the policies with low
variance in their value function are more robust, which can
be ensured by using a value-variance regularizer. Further,
the work reinforces the existing belief that stochastic poli-
cies are better.

Impact Statement
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of Machine Learning. There are many potential societal
consequences of our work, none which we feel must be
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A. How to read appendix

1. Section B contains additional properties that couldn’t be included in the main section for the sake of clarity and space.
2. Section C contains the discussion on zero transition kernel (forbidden transitions).

3. Section D contains a possible connection this work to UCRL.

4. Section H contains additional experimental results and a detailed discussion.

5. All the proofs of the main body of the paper is presented in the section L and M.

6. Section J contains helper results for section L. Particularly, it discusses p-mean function w,, and p-variance function x,,.

7. Section K contains helper results for section L. Particularly, it discusses L,, water pouring lemma, necessary to evaluate
robust optimal Bellman operator (learning) for s-rectangular L, robust MDPs.

8. Section M contains time complexity proof for model based algorithms.

9. Section E develops Q-learning machinery for (sa)-rectangular L, robust MDPs based on the results in the main section.
It is not used in the main body or anywhere else, but this provides a good understanding for algorithms proposed in
section F for (sa)-rectangular case.

10. Section F contains model-based algorithms for s and (sa)-rectangular L, robust MDPs. It also contains, remarks for
special cases for p = 1, 2, co.

B. Revisiting S-rectangular Robust MDPs

Here we outline some intriguing properties of s-rectangular robust MDPs, particularly their Q-value and greedy policies.
We begin with some useful definitions in Table 6.

Table 6. Useful Definitions

Notation | Definition Remark
Q" Ro + vPov Q-value at value function v
Qi Ro + vPovgy Optimal Q)-value
Ty argmax, T v Greedy policy at value function v
Xp(s) ‘ {a | wl’;; (als) > 0} ‘ Number of active actions in state s of optimal policy
=] {a| QZ{; (s,a) > v{f,; ()} ] (From Theorem 4.1 )
Xp (v, 8) ‘ {a] 71'&5 (als) > 0} ‘ Number of active actions in state s, of greedy policy at value function v
Q(s,a:) | Q(s,a1) > Q(s,a2) >, -+ ,> Q(s,aa) i-th best Q-value in state s.

B.1. Relation Between Optimal Q-value and Optimal Value function
The optimal value function and optimal Q-value, in non-robust MDPs, have a very straightforward relation,

*

’U(P,R)(S> = max Q?P’R)(S, a), Vs.
This relation simply extends to sa-rectangular case, where the value function is best regularized Q-value, that is,
v;,;a(s) = mgx[as7a - ’Yﬁs,a”q(va;ﬂ) - Qi{ga (s, a)]

11
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However, in s-rectangular case, the value function is no longer given by the best action. Specifically, from Theorem 3.2, we
have the following relation,

0l (5) = D i als) [ = (s +1Bumq(0) ) I Cls)llg + Qg (5,0) | - 4)

From this relation, we get the value function sandwiched between the Q-value of lowest active action and highest inactive
Q-value, as stated by the property below.

Property B.1. (Optimal Value vs Q-value) v;;. (s) is bounded by the Q-value of xp(s)th and (xp(s) + 1)th actions, that is ,
Qs (5, Ay, (5)+1) < Vg (5) < Qs (8, Ay (s)-

Proof. A special case of Property B.3. O

The above sandwich property is surprising and novel. The relation of various robust Q-value and value functions is

summarized in the table 7.

Table 7. Optimal value function and Q-value

Q-value and value relation Remark
(P,R) vZ‘RR)(s) = max, Q(p g (s,a) Best value
U Vjysa (8) = maxy (s o — VBs,akiq(Vfysa) — Qfysa(s,a)]  Best regularized value
U, Qs (8,0, (s)41) < Vs (8) < Qps (5, a4, (s)) Sandwich between Q-value of best

inactive action and worst active action

where (P, R) denotes the kernel and reward function for non-robust MDP.

B.2. Greedy Policy and Q-value

The greedy policy has the same form as the optimal robust policy described in Theorem 4.1. We briefly present the results in
this subsection for the sake of completeness.

Theorem B.2. (Greedy policy) The greedy policy 7} is a threshold policy, that is proportional to the advantage function,
P
that is

s (als) oc( Q(5,0) — (Ty0)(s) )"~ 1 (Q¥(s,a) > (Tjyv)(s) ) -
Proof. Proof in section L. O

Note that the Theorem 4.1 is a special case of the above theorem. The greedy policies for various robust MDPs are
summarized in Table 8.

12
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Table 8. Greedy policy at value function v

u my(als) o remark

U (Q"(s,a) — (Tgv)(s))P~'1(Ag(s,a) > 0)  top actions proportional to
(p — 1)th power of its advantage

u; % top actions with uniform probability
Uus Zfiés(’;)al);‘%’jzl’gi? éo) top actions proportion to its advantage
U argmaxgeq QV(s,a) best action

Uy?  argmax, [—sq — VBsakq(v) + QY (s, a)] best action

where A7, (s,a) = QV(s,a) — (T;v)(s) and QV(s,a) = Ro(s,a) +v> . Po(s']s,a)v(s’).

The above result states that the greedy policy takes actions having a non-negative advantage, so we have.
xo(v,5) i=| { a | mi (als) 2 0 Y= |{ a] Q"(s,0) = (T )u(s) }| )
The property below states that the T;jv is sandwiched between the lowest Q-value of active action and the highest Q-value
of inactive action.
Property B.3. (Greedy Value vs Q-value) (T;}.v)(s) is bounded by the Q-value of x,,(v, s)th and (x,(v, s) + 1)th actions,
P

that is ,
QU(S7a'Xp(v,s)+l) < (72{;91})(3) < Qv(svaxp(v,s))'

Proof. Proof in section L. O

Table 9. Greedy value function and Q-value

MDP  Relation Remark
(P,R)  (T(pgv)(s) = max, Q"(s, a) Best value
U, ( ij)v(s) = maX[s.q — V0s,akq(v) — QV(s,a)] Best regularized value
U, Q“(s,axp(v,s)ﬂ) < (7&;)11(3) < Q”(s,axp(v)s)) Sandwich!
where QV(s,a1) >, ,> Q"(s,a4).

C. Revisiting kernel noise assumption

Until now, we implicitly assumed that the nominal kernel has support over all states in every state and action, that is
Py(s'|s,a) > 0forall s',s € S,a € A. Now we relax this condition, and we focus on the cases where Py(s’|s,a) = 0 for
some states s’, which we call forbidden transitions. This enables us to capture many practical situations where in a given
state, many transitions are impossible. For example, consider a grid world example where only single-step jumps (left, right,
up, down) are allowed, so in this case, the probability of making a multi-step jump is impossible. So upon adding noise
to the kernel, the system should not start making impossible transitions. Therefore, noise set P must satisfy additional
constraint: For any (s, a) if Py(s’|s,a) = 0 then

P(s'|s,a) =0, VPeP.

Incorporating this constraint without much change in the theory is one of our novel contributions, and is discussed below.

13
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C.1. Sa-Rectangular Uncertainty

Let Fy o := {s' | Po(s'|s,a) = 0} be the set states where transition is impossible at state s under action a. Further, we want
to have the transition uncertainty set P respecting this constraint, that is

P(s'|s,a) =0, VP e P,V €Fy,. (6)
Formally, we define, the kernel noise set as

P=A{P|[|P(|s,a)lly = Bsas Y _Pls'ls,a)=0, P(s’]s,a) =0,Y5" € Fi}. ©)

S

forbidden state condition

simplex condition

In this case, our p-variance function is redefined as

= i P 8
(v, 5,0) 1Ply=Poas S P(s)20,  P(7)=0, vS”er,a< ) ®
= mi}g”u —wl|p, where u(s) = v(s)1(s ¢ Fs.q)- )
we
=fip(w) (10)

This says we consider the value of only those states that are allowed (not forbidden) in the calculation of p-variance. For
example, we have

maxggp, . v(s) —minggp, , v(s)

"{OO (v7 87 a’) = 2

(11
(12)

So theorem 1 of the main paper can be re-stated as

Theorem C.1. (Restated) (Sa)-rectangular L, robust Bellman operator is equivalent to reward regularized (non-robust)
Bellman operator. That is, using x, above, we have

(Tefeav)(s) = Zﬂ(a\s)[—a&a — VBs,akiq(v,s,a) + Ro(s,a) + ’YZP()(S/‘S, a)v(s')],

a s/

(7};‘5311) (s) = Igleaj([—a&a — YBs,akiq(v,s,a) + Ro(s,a) +~ Z Py(s'|s,a)v(s)].

s’/

C.2. S-Rectangular Uncertainty

This notion can also be applied to s-rectangular uncertainty, but with a little caution. Here, we define forbidden states in
state s to be F; (state dependent) instead of state-action dependent in sa-rectangular case. Here, we define p-variance as

kp(v, 8) = Kp(u), where u(s) = v(s)1(s & Fy). (13)

So Theorem 2 can be restated as

Theorem C.2. (restated) (Policy Evaluation) S-rectangular L,, robust Bellman operator is equivalent to reward regularized
(non-robust) Bellman operator, that is

(T0)(s) = = (s +v8eka(v.5) ) [mC1)ly + 3 mlals) (Rols,a)+7 ) Rols'ls. a)o(s') )

where ky, is defined above and ||7(-|s)||q is g-norm of the vector w(-|s) € A 4.

For all the other results (including theorem 4), we just need to replace the old p-variance function with the new p-variance
function appropriately.
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D. Application to UCRL

Here, we show UCRL (upper confidence reinforcement learning) although very different in motivation than robust MDPs,
can benefit from our techniques developed so far.

Optimistic policies are sought that aids exploration in UCRL (Auer & Ortner, 2006; Auer et al., 2008; Asadi et al., 2019), in
contrast to robust MDPs that seek pessimistic policies to avoid the risk. Referring to step 3 of the UCRL algorithm (Auer &
Ortner, 2006), the objective is to find a policy

arg max Rrggaéxy(umpﬁ% (14)
where
U ={(R,P)||R(s,a) = Ro(s,a)| < asa,|P(s'|5,a) = Po(s'|5,0)| < Bsa,er, P € (As)%*}

for current estimated kernel Py and reward function Ry. We refer to Section 3.1.1 and step 4 of the UCRL 2 algorithm of
(Auer et al., 2008), which seeks to find whose best performance is high, that is,

s 15
max Rrggaguw, VP R)> (15)

where
U ={(R,P)||R(s,a) — Ro(s,a)| < asa. | P(-]s,a) — Po(-[s,a)|ly < Bs.a. P € (As)%*H}

The uncertainty radius «, 5 depends on the number of samples of different transitions and observations of the reward. The
paper (Auer & Ortner, 2006) doesn’t explain any method to solve the above problem. UCRL 2 algorithm (Auer et al., 2008),
suggests solving it by linear programming that can be very slow. We show that it can be solved by our methods.

The above problem can be tackled as following

uy
max max v . 16
n R,P€u§”<u7 P.r) (16)
We can define, optimistic Bellman operators as
T7v:= max v} Tv == max max v’ p. 17
u R pey PR u X Ry VPR (amn

The well definition and contraction of the above optimistic operators may follow directly from their pessimistic (robust)
counterparts. We can evaluate the above optimistic operators as

(%av)(s) = Zﬂ'(a|s) [ Ro(s,a) + as.a + Bs,avkq(v) + ZP0(5'|5,a)v(s') B (18)

a

(Teizev)(s) = max [ Ro(s,) + as.a + Beavriq(v) + Y Pols'|s,a)o(s') | . (19)

The uncertainty radiuses «, 8 and nominal values Py, Ry can be found by similar analysis by (Auer & Ortner, 2006; Auer
et al., 2008). We can get the Q-learning from the above results as

Q(s,) ~ Ro(5,0) — e — Ysarig(v) +7 D Po(sls, ) max Q(s', ), (20)

S

where v(s) = max, (s, a). From the law of large numbers, we know that uncertainty radiuses o q, Bs,a behaves as
O(ﬁ) asymptotically with number of iteration n. This resembles very closely to the UCB VI algorithm (Azar et al., 2017).
We emphasize that similar optimistic operators can be defined and evaluated for s-rectangular uncertainty sets too.

E. Q-Learning for (sa)-rectangular MDPs

Here we generalize our result and obtain Q-learning for sa-rectangular robust MDPs.

15
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In view of Theorem 3.1, we can define ()J.., the robust Q-values under policy 7 for (sa)-rectangular L, constrained
P
uncertainty set Up;* as

Qaga (S, a) = —Qsq — Vﬁs,aﬁq(vg[;a) =+ R0(57 a) +y Z/ PO(SI‘Sa a)v;:{;a(sl)' (2])

S

This implies that we have the following relation between robust Q-values and robust value function, same as its non-robust
counterparts,

vf/’,za(s) = Zw(a|s)Qﬂza(s, a). (22)

a

Let Q;,;a denote the optimal robust Q-values associated with optimal robust value UZ‘,;B, given as

Qlisa (5, 0) 1= =050 = VBs.atkiq(vg) + Ro(s, a) + Z Po(s']s, a)vaza(s'). 23)

ry

It is evident from Theorem 3.1 that optimal robust value and optimal robust Q-values satisfy the following relation, same as
its non-robust counterparts,

’U;:{Is)a (s') = max QZ,SE(S, a). (24)

Combining 24 and 23, we have optimal robust Q-value recursion as follows

Qi (5:0) = —arw = VBs,ahig(vie) + Ro(s: @) +73_ Pols'|s, @) max Qi (s ). (25)

S

The above robust Q-value recursion enjoys similar properties as its non-robust counterparts.

Corollary E.1. ((sa)-rectangular L,, regularized Q-learning) Let

Qn+1(sa a) = RO(57 a) — Qgq — 'Yﬂsa’{q(vn) + v Z: P0(5/|Sa a) gleaj\( Qn(sly a),

S

where vy, (s) = maxqe 4 Qn (s, a), then Q,, converges to Qs linearly.
P

Observe that the above Q-learning equation is the same as non-robust MDP except for the reward penalty. Recall that
k1(v) = 0.5(max; v(s) — ming v(s)) is difference between peak to peak values and ko (v) is variance of v, that can be
easily estimated. Hence, model-free algorithms for (sa)-rectangular L, robust MDPs for p = 1, 2, can be derived easily
from the above results. This implies that (sa)-rectangular L; and Lo robust MDPs are as easy as non-robust MDPs.

F. Model Based Algorithms

In this section, we assume that we know the nominal transitional kernel and nominal reward function. Algorithm 3, algorithm
4 is model based algorithm for (sa)-rectangular and s rectangular L, robust MDPs respectively. It is explained in the
algorithms, how to get deal with special cases (p = 1,2, 00) in an easy way.

16
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Algorithm 3 Model Based Q-Learning Algorithm for sa-rectangular L, Robust MDP

1: Input: o 4, 35, are uncertainty radius in reward and transition kernel respectively in state s and action a. Transition
kernel P and reward vector R. Take initial Q-values Qo randomly and vy (s) = max, Qo(s, a).

2:
3:

® RN A

10:

11:

12:

while not converged do

Do binary search in [min, vy, (s), max, v, (s)] to get g¢-mean wy,, such that

Compute g-variance:

S nlS) Zn) 7 =0,

[un(s) — wal
S

K = ||v— Wn”q-

Note: For p = 1,2, co, we can compute «,, exactly in closed from, see table 2.

fors €S do
fora € A do

Update Q-value as

end for
Update value as

end for

end while

Qn+1(87 CL) = R0(87(J,) — Qsq — ’yﬂsa’in + ’YZPO(S/|37G) Hl(?.X Qn(slva)~

s/

Unt1(s) = max Qn+1(s,a).

n—n+1

(26)

17
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Algorithm 4 Model Based Algorithm for S rectangular L,, Robust MDP

1: Take initial ()-values @)y and value function vy randomly.

2

3:
4:

Rl A

10:
11:

12:

13:

15:

: Input: a,, S5 are uncertainty radius in reward and transition kernel respectively in state s.
while not converged do
Do binary search in [ming v, (s), maxs v, (s)] to get g¢-mean wy,, such that

(vn(s) —wn) L
—— Uy, — Wp|P~1 = 0. 27
2 Toni) —an] ) e
Compute g-variance: En = ||V — waq-
Note: For p = 1, 2, 0o, we can compute «,, exactly in closed from, see table 2.
fors €S do
fora € A do
Update Q-value as
Qni1(s,a) = Ro(s,a) + Z Po(s'|s,a)vni1(s). (28)
end for
Sort actions in decreasing order of the Q-value, that is
Qn+1(8,ai) > Qni1(s, ait1). (29)
Value evaluation:
Unt1(s) = suchthat (ag 4+ vBskn)P = Z |Qnt1(s,a;) — x|P. (30)
Qnti(s,ai)>x
Note: We can compute v,,41(s) exactly in closed from for p = oo and for p = 1,2, we can do the same using
algorithm 8,7 respectively, see table 3.
end for
n—-n+1
end while
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Algorithm 5 Model based algorithm for s-rectangular L; robust MDPs
1: Take initial value function vy randomly and start the counter n = 0.
2: while not converged do

3:  Calculate g-variance: Ky = % [ max; vn($) — ming v, (s) ]
4 for s € S do
5: fora € A do
6 Update Q-value as
Qn(s,a) :RO(Sva)+’YZPO(SI|570’)’U7L(S/)' (31)
7: end for
8: Sort actions in state s, in decreasing order of the Q-value, that is
Qn(sval) > Qn(87a2)7"' > Qn(s>aA)' (32)
9: Value evaluation: "
Un+1(s) — max Zi:l Qn(37 ai) — Qs — Bs’W’Qn. (33)
m m
10: Value evaluation can also be done using algorithm 8.

11:  end for
n—n+1

12: end while

G. Generalization to General Norm

Until now, we studied uncertainty sets that are constrained by L, norm. Here, we discuss how we can generalize our
techniques to any general norm.

Specifically, we consider sa-rectangular uncertainty set i/ = L{ﬁj‘l constrained by ||-|| norm, defined as
Ui = (Po+P) x (Ry+R),  where (P, R) = (Xs,aPsa; Xs.0Psa)
Risa) = {r €R||rl S asa}, and P ={peR’|(p,1)s=0,lp|l < fsa}-

The robust Bellman operator 7;7 and optimal robust Bellman operator 7;; can be evaluated as

(TFo)(s) = > wlals) [ R(s,a) = vBsary (v) + 73 P(s'|s, a)u(s’) ]

(Tgv)(s) = max [R(s,a) —YBs,ak).| (V) + VZP(S’|s,a)U(3/) }’

where variance function is defined as

— M s
A= i< (-

Since norms are convex functions, hence the variance function can be computed by convex optimization techniques as the
objective is linear and constraints are convex.

However, a similar generalization for s-rectangular case may not be possible. The structure of L,, norm was crucially used
to decompose s-rectangular into a bunch of sa-rectangular sets. We leave this to future work.

H. Experiments

Table 4 contains the relative cost (time) of robust value iteration w.r.t. non-robust MDP, for randomly generated kernel and
reward function with the number of states S and the number of action A.

Each experiments are repeated 500 times. The standard deviation of all experiments was less than 10%, and the typical
standard deviation is 1 — 2%.
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Table 10. Relative running cost (time) for value iteration

u S=10 A=10 S=30A=10 S=50A=10 S=100A=20 remark

non-robust 1 1 1 1

UL by LP 1374 2282 2848 6930 scipy.optimize.linearprog
Ui* by LP 1438 6616 6622 16714 scipy.optimize.linearprog
Ui by LP 72625 629890 4904004 NA scipy.optimize.linearprog/minimize
uze 1.77 1.38 1.54 1.45 closed form

use 1.51 1.43 1.91 1.59 closed form

uz:e 1.58 1.48 1.37 1.58 closed form

Ui 1.41 1.58 1.20 1.16 closed form

Us 2.63 2.82 2.49 2.18 closed form

us, 1.41 3.04 2.25 1.50 closed form

uze 54 491 4.14 4.06 binary search

Uus 5.56 5.29 4.15 3.26 binary search

us 33.30 89.23 40.22 41.22 binary search

Ui 33.59 78.17 41.07 41.10 binary search
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Notations

S : number of states, A: number of actions, U;* LP: Sa rectangular L;, robust MPDs by Linear Programming, U, LP: S

rectangular L,, robust MPDs by Linear Programming and other numerical methods, u;i/lfloo: Sa/S rectangular Ly /Lo /Lo

robust MDPs by closed form method (see table 2, theorem 3) U;i/;lo : Sa/S rectangular Ls /L1 robust MDPs by binary
search (see table 2, theorem 3 of the paper)

Observations

1. Our method for s/sa rectangular Ly /L / Lo, robust MDPs takes almost the same (1-3 times) the time as non-robust MDP
for one iteration of value iteration. This confirms our complexity analysis (see table 4 of the paper) 2. Our binary search
method for sa rectangular L5/ L1 robust MDPs takes around 4 — 6 times more time than non-robust counterpart. This is
due to extra iterations required to find p-variance function k,(v) through binary search. 3. Our binary search method for
s rectangular Ls /Lo robust MDPs takes around 30 — 100 times more time than non-robust counterpart. This is due to
extra iterations required to find p-variance function ,(v) through binary search and Bellman operator. 4. One common
feature of our method is that time complexity scales moderately as guaranteed through our complexity analysis. 5. Linear
programming methods for sa-rectangular L /L, robust MDPs take at least 1000 times more than our methods for small
state-action space, and it scales up very fast. 6. Numerical methods (Linear programming for minimization over uncertainty
and ’scipy.optimize.minimize’ for maximization over policy) for s-rectangular L; robust MDPs take 4-5 order more time
than our methods (and non-robust MDPs) for very small state-action space, and scales up too fast. The reason is obvious, as
it has to solve two optimizations, one minimization over uncertainty and the other maximization over policy, whereas, in the
sa-rectangular case, only minimization over uncertainty is required. This confirms that the s-rectangular uncertainty set is
much more challenging.

Rate of convergence

The rate of convergence for all was approximately the same as 0.9 = =, as predicted by theory. It is well illustrated by the
relative rate of convergence w.r.t. non-robust by the Table 11.

In the above experiments, Bellman updates for sa/s rectangular Ly /Ly /L, were done in closed form, and for Ls /L1y were
done by binary search as suggested by Table 2 and Theorem 3.

Note: The above experiments’ results are for a few runs, hence containing some stochasticity but the general trend is clear.
In the final version, we will do an averaging of many runs to minimize the stochastic nature. Results for many different runs
can be found at https://github.com/**#%**%*,

Note that the above experiments were done without using too much parallelization. There is ample scope to fine-tune and
improve the performance of robust MDPs. The above experiments confirm the theoretical complexity provided in Table 4 of
the paper. The codes and results can be found at https://github.com/**#*%**_

Experiments parameters

Number of states S (variable), number of actions A (variable), transition kernel and reward function generated randomly,
discount factor 0.9, uncertainty radiuses =0.1 (for all states and action, just for convenience ), number of iterations = 100,
tolerance for binary search = 0.00001

Hardware

The experiments are done on the following hardware: Intel(R) Core(TM) i5-4300U CPU @ 1.90GHz 64 bits, memory
7862MiB Software: Experiments were done in Python, using numpy, scipy.optimize.linprog for Linear programming for
policy evaluation in s/sa rectangular robust MDPs, scipy.optimize.minize, and scipy.optimize.LinearConstraints for policy
improvement in s-rectangular L; robust MDPs.

I. Extension to Model Free Settings

Extension of Q-learning (in section E ) for sa-rectangular MDPs to model free setting can easily done similar to (Wang &
Zou, 2021), also policy gradient method can be obtained as (Wang & Zou, 2022). The only thing, we need to do, is to be
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Table 11. Relative observed rate of convergence

u S=10 A=10 S=100 A=20 remark
non-robust 1 1

u:e 0.999 0.999 closed form
use 0.999 0.999 closed form
uss 1.000 0.998 closed form
u; 0.999 0.999 closed-form
us 0.999 0.999 closed form
Uz, 1.000 0.998 closed form
uz® 0.999 0.995 binary search
uss 1.000 0.999 binary search
us 1.000 0.999 binary search
U 1.000 0.995 binary search

able to compute/estimate k4 online. It can be estimated using an ensemble (samples). Further, k2 can be estimated by the
estimated mean and the estimated second moment. ., can be estimated by tracking maximum and minimum values.

For s-rectangular case too, we can obtain model-free algorithms easily, by estimating «, online and keeping track of Q-
values and value functions. The convergence analysis may be similar to (Wang & Zou, 2021), especially for sa-rectangular
case, and for the other, it would be two-time scale, which can be dealt with techniques in (Borkar, 2022). We leave this for
future work. It would be interesting to obtain policy gradient methods for this case, which we believe can be obtained from
the policy evaluation theorem.

J. Variance Function and its Properties

In this section, we discuss the p-variance function x, which is omnipresent in the main text. Here, we outline its properties,
origin, and about its computation.

J.1. Closed-Form Expressions for Special Cases

Recall that x,, is defined as follows

pip(v) = minflo — Wi, = o~ wp(v) |-
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where wy,(v) € argmin,||v — wl||,. Since ||v — wl||, is a convex function in w and wy,(v) is the minimizer of the above
expression, hence it must satisfy the stationary condition. That is,

do—uly) _,
ow w=wp(v)

= > sign(v(s) — wp(v))[(s) — wp(v)"~ =0, (34)

= Y sign(v(s) — wp(v))[v(s) —wp(v)P~H = 0.

For p = 2, stationary condition (34) simplifies to

> sign(v(s) = wa(v)|o(s) —wp(v)| = D _[u(s) —wa(v)] = 0,

S

yielding wq(v) = w Putting back, we get

S (35)

For p = 1, stationary condition (34) simplifies to

Z sign (v(s) — wi(v) )= 0. (36)

seS

Note that there may be more than one value of w; (v) that satisfies the above equation and each solution does an equally
good job (as we will see later). So we will pick one ( is median of v) according to our convenience as

) = v(sis+1)/2)) +0(sp(s11)/21)

wi(v 5 where  v(s;) > v(s;11) Vi.
Putting it back, we get
k1(v) =[|lv — w111
=|lv — med(v)1||1, (putting in value of wy, see table 12)
=3 los) — med(v)|
L(S+1)/2] s (37)
= Y (v(s)=med(v)+ Y (med(v) —v(s))
i=1 [(s+1)/2]
L(5+1)/2] s
= Z v(s) — Z v(s)
i=1 [(5+1)/2]

v(s(s+1)/21)+v(s1(5+1)/21)
2

where med(v) := where  v(s;) > v(si+1) Viis median of v.

v — wll|o is minimized for w = === ”(S);mms vis)
maxs v(s)—ming v(s)

For the limiting case of p = oo, it is clear that the expression |

and Koo (V) =

max, v(s)+ming v(s)
2

yielding ws, (v) =

The results are summarized in table 2 and 12.
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Table 12. p-mean, where v(s;) > v(siy1) Vi.

r  wy(v) remark

p Yo sign(v(s) —wp(v))|v(s) — wp(v)|ﬁ =0 Solve by binary search

v(s +v(s .
1 ( L(S+1)/2J)2 (sr(s+1)/21) Median

2 LS;(S) Mean

maxg v(s)+ming v(s)

Average of peaks

J.2. Origin: Variance function and Kernel Noise

This subsection is devoted to the origin of x which is from noise in the kernel. Note that in policy evaluation step
(minimization over kernel noise) has the optimization of the form:

min(c,v), e, <e, D e(s) =0.

S

The lemma below connects it to the variance function.

Lemma J.1. g-variance function k4 is the solution of the following optimization problem (kernel noise),

1 .
Ro(v) = —cminfe,), ey e Ye(s)=0.

S

Proof. Writing Lagrangian L, as

L:=) cfs +)\Z +u2|c P ¢P),

S

where A € R is the multiplier for the constraint ) ¢(s) = 0 and p > 0 is the multiplier for the inequality constraint
[lell¢< €. Taking its derivative, we have

oL

p—1 C(S)
G = M) A+ kel 39)

|e(s)]

From the KKT (stationarity) condition, the solution c* has zero derivative, that is

v(s) + A+ pple*(s) P |Z:E3 =0, Vs e S. (39)

Using Lagrangian derivative equation (39), we have

1 ¢ (s) -
M$+A+MM(HP| o0
= Z )+ A+ pp|c* (s)|plz*gg|] =0, (multiply with ¢*(s) and summing )

(c*(s))”
= 2o )le) A (s) a3l () 1W:O (40)
(c*,v —|—,up2|c )P =0 (usinch s) =0and (c*(s))? = |c*(s)]*)

= (c",v) = —upe’,  (using ZIC )P =€),
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It is easy to see that ;4 > 0, as the minimum value of the objective, must not be positive ( at ¢ = 0, the objective value is
zero). Again we use Lagrangian derivative (39) and try to get the objective value (—upeP) in terms of A, as

c*(s)

0(8) + A+ pplce ()P =5 =0
O
= |c*(s)|P7%c*(s) = ,M7 (re-arranging terms)
Hp

X _p_ +A . _p_
=:Zuc|P2>wl=Z—”@p|w, (doing 3177 )

v(s) + . +)\ o+ Al
— [l =) |- 212 = 41
el =301 - 2 §j| ot (1)
= |pp|?llc* b = (v + Alld, (re—arrangmg terms)
— |up|?€” = [lv+ A3, (using Z\c )P =€)
1
— e(upe?’?) = €|jv + A, (taking —the power then multiplying with €)
q
= pupe’ = eljv+ Allg.
Again, using Lagrangian derivative (39) to solve for A\, we have
o(s) + A+ pple(s)P S g
|c*(s)]
A
= |c*(s)|P2c*(s) = f&, (re-arranging terms)
up
A
= |c*(s)| = | ——— G )+ |7 77, (looking at absolute value)
c*(s) v(s) + A . .
and =— ,  (looking at sign: and note p,p > 0
ROINNECEE (fookine st e pop =0 @)
c*(s) —I— A v (s)+ A . )
N — p—T1 tt back
. +/\ v )+/\ 1
- C p=1,
2. Z FOESTr.
:>Z‘ z )+)\|P1—0 (using;c*(s):
Combining everything, we have
1
- - i ) ’ S ’ = 0
cminfe), el <e Yl
2 1 (43)
=|lv — Allg, such that Zszgn(v(s) —A)|v(s) = Al7=1 =0.
Now, observe that
Alv = Allg
g7 —Alle _
OA
) 1
= Z sign(v(s) — A)|v(s) — A|P=T =0, (44)

= Kq(v) = |lv — Allg, such that Zsign(v(s) = Nv(s) = )\|ﬁ =0.
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The last equality follows from the convexity of p-norm ||-||;, where every local minima is global minima.

For the sanity check, we re-derived things for p = 1 from scratch. For p = 1, we have

1
——minfe,0), [l <e, zs:c(s) =0.
=— 1(mgin v(s) — mgaxv(s)) (45)
=k1(v).
It is easy to see the above result, just by inspection. O

J.3. Computation: Binary search for mean and estimation of variance

If the function f : [-B/2, B/2] — R, B € R is monotonic (WLOG let it be monotonically decreasing) in a bounded
domain, and it has a unique root z* s.t. f(z*) = 0. Then we can find x that is an e-approximation z* (i.e. ||z — z*|| <€) in
O(B/¢) iterations. Why? Let zo = 0 and

=Btea i f(2,) >0
Tn41 = % if f(xn) <0.
T if f(z,)=0
It is easy to observe that ||z,, — z*|| < B(1/2)™. This proves the above claim. This observation will be referred to many

times.
Now, we move to the main claims of the section.

Proposition J.2. The function

hp(X) == Zsign (v(s) = A)|v(s) = A |p

is monotonically strictly decreasing and also has a root in the range [min; v(s), maxs v(s)].

Proof. () A
vis) —
hp(A) = Z m\”(s) = AP
dh S (46)
d—;(/\) =-—pY [v(s)=APT' <0,  Yp=0.

Now, observe that h,(max,v(s)) < 0 and h,(minsv(s)) > 0, hence by h, must have a root in the range
[ming v(s), maxs v(s)] as the function is continuous. O

The above proposition ensures that a root wy,(v) can be easily found by binary search between [min, v(s), max; v(s)].
Precisely, € approximation of wy,(v) can be found in O (log (=== ”(S);mms v(2)}) number of iterations of binary search. And
one evaluation of the function h,, requires O(.S) iterations. And we have finite state-action space and bounded reward hence

WLOG we can assume |max; v(s)|, |min, v(s)| are bounded by a constant. Hence, the complexity to approximate wy, is

O(Slog(%)).

Let w,(v) be an e-approximation of w,,(v), that is
[ wp(v) = Gy(0) | < .

And let &, (v) be approximation of £, (v) using approximated mean, that is,

fip(v) = [lv — @p(v)1]|p.
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Now we will show that € error in calculation of p-mean w,, induces O(e) error in estimation of p-variance «,. Precisely,

Kp(V) — Rp(v) ’: ‘H v —wp(v)l Hp —lv=ap(v)1 Hp’
< || wp(v)1 = @p(v)1 ||p, (reverse triangle inequality)
=1, wp(v) = @p(0) | (47)
<1, e
:S%e < Se.

For general p, an e approximation of ,(v) can be calculated in O(S log(g) iterations. Why? We will estimate mean w, to
an €/ tolerance (with cost O(S log(2) ) and then approximate the r,, with this approximated mean (cost O(S5)).

K. L, Water Filling/Pouring lemma
In this section, we are going to discuss the following optimization problem,

A
max —cl|c||q + {c, b) such that Zci =1, ¢>0, Vi
i=1
where o > 0, referred as L,-water pouring problem. We are going to assume WLOG that b is sorted component-wise, that
is by > by, -+ > ba. The above problem for p = 2, is studied in (Anava & Levy, 2016). The approach we are going to
solve the problem is as follows: a) Write Lagrangian b) Since the problem is convex, any solution of KKT condition is
global maximum. c) Obtain conditions using KKT conditions.

Lemma K.1. Let b € R4 be such that its components are in decreasing order (i,e b; > b;11), o > 0 be any non-negative

constant, and
A

(p = max —allc|lqg + (¢, b) such that z«:i =1, ¢ >0, Vi (48)
i=1

and let c* be a solution to the above problem. Then

1. Higher components of b, gets higher weight in c*. In other words, c* is also sorted component-wise in descending
order, that is
;> >

2. The optimal value C, satisfies the following equation

af = Z (bi — Cp)P.

b; ZCP
3. The solution c of (48), is related to (y, as

(bi — Cp)p_ll(bi > Cp)
> os(bi = )P 11 (b; > G)

C; =

4. Observe that the top X, := max{i|b; > (,} actions are active and rest are passive. The number of active actions can
be calculated as

k
{k‘O‘p 2 Z(bz - bk)p} - {1727 e 7XP}'

5. Things can be re-written as

(bi =GP~ i i< x -
Ci X {0 b olse b and af = ;(bz = Gp)”
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6. The function Zbi> . (bi — x)P is monotonically decreasing in x, hence the root (, can be calculated efficiently by
binary search between [by — o, by].

7. Solution is sandwiched as follows
bxp+1 < Cp < bXp

8. k < xp if and only if there exists the solution of the following,

k
Z(bi —z)P =af and z <b.
i=1

9. If action k is active and there is greedy increment hope then action k + 1 is also active. That is
E<xp and X, <bpt1 = k+1< xp,
where
k

> (b= M) =a” and A < by
i=1
10. If action k is active, and there is no greedy hope then action k + 1 is not active. That is,
E<xp and X, >bpi1 = k+1> xp,
where
k
> (b= AP =0aP and A < by
i=1
And this implies k = xp.

Proof. 1. Let
fe) == =allellq + (b, 0).

Let ¢ be any vector, and ¢’ be rearrangement ¢ in descending order. Precisely,
¢ =i, Wwhere ¢ > iy, > Gy
Then it is easy to see that f(¢’) > f(c). And the claim follows.

2. Writing Lagrangian of the optimization problem, and its derivative,

L=—alcllqg+ {c,b) + )\(Z ¢i — 1)+ 0ic;

49
oL —alell27Ye; |72 4 by + N+ 6; )
ac’b q 1 1 (2 19
A € R is multiplier for equality constraint ZZ c; =1and by, -+ ,04 > 0 are multipliers for inequality constraints
¢; >0, Vie [A]. Using KKT (stationarity) condition, we have
—alle g e |2 + b+ A+ 6; =0 (50)
Let B := {i|c] > 0}, then
> cil=alletlae; |2 + b+ A =0
ieB
- —oz||c*||L1]_ch*||g—&—(c*,b}—i—)\:O7 (usingzc;‘ =1and (c;‘)2 = |cﬂ2) (51

= —afeflg + () +A=0
= —allc’|lq + (c",b) = =X, (re-arranging)
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Now again using (50), we have

—alle g i |7 + by + A+ 0; =0

= 0¢HC*||;q|Cf|q72Cf =b;, + X+, Vi, (re-arranging)
Now, if ¢ € B then §; = 0 from complimentary slackness, so we have
a3 el = by + A > 0, Vie B
by definition of B. Now, if for some ¢, b; + A > O then b; + A + 6; > 0 as 6; > 0, that implies
alle g™ e[ 2ef = bi + A+ 6; >0
= >0 = iekB

So, we have,
1€B < b;+A>0.

To summarize, we have
alletlly e 172 = (b + A1(b > =N), Vi,

= Z a7t ™[5 (c;)? = Z(bl +N)TTL(b; > —N), (taking ¢/(q — 1)th power and summming)

2

A
= aP =) (b +A)PL(b; > —N).
i=1
So, we have,
(p=—\ suchthat a” =) (b;+ ).
bi>A

— o’ =Y (b= ()
b;>Cp

. Furthermore, using (53), we have

alle*llg™ e 772 = (b + N)L(bi = =X) = (b; — G)L(bi > Gp) Vi,

(bi — Cp)p_ll(bi = Cp)

= ¢} o (b; — Cp)ﬁl(bi > G) = >oi(bi =GP~ (b > )’

. Now, we move on to calculate the number of active actions x,. Observe that the function

A

FO) = (b = NP1l = A) — P

i=1
is monotonically decreasing in A and ¢, is a root of f. This implies

f(:c) <0 <<= x> Cp
= f(b;) <0 <= b >,
= {ilb; > G} = {i|f(b;) <0}
= Xp = max{i|b; > (,} = max{i|f(b;) <0}.

Hence, things follow by putting back in the definition of f.

29
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5. We have,
A

a? = (b — ¢)P1(bi > G), and  xp = max{ilb; > ().

i=1

Combining both we have
Xp

of = Z(bz — Cp)p.

i=1

And the other part follows directly.

6. Continuity and montonocity of the function »_, - (b; — x)P is trivial. Now observe that >, -, (b; — b1)? = 0 and
> b 5by—albi = (b1 — @))P > @, so it implies that it is equal to o” in the range [by — o, b1].

7. Recall that the (j, is the solution to the following equation

af =Y (b — )"

And from the definition of y,,, we have
Xp+1
aPf < Z (bl — bXp+1)p = Z (bz — bxp+1)p, and
i=1 bL'ZbXerl
Xp
af > (bi—by, )P = Y (bi—by, )"
i=1 b;>b

So from continuity, we infer the root ¢, must lie between [by, 41, by].
8. We prove the first direction, and assume we have

kSXp

k
(59
= Z(b’ —bp)P <aof (from definition of ).
i=1

Observe the function f(z) := Zle(bi — x)? is monotically decreasing in the range (—oo, by|. Further, f(b;) < a?
and lim,_, _ o f(z) = oo, so from the continuity argument there must exist a value y € (—oo, bg] such that f(y) = o?.
This implies that
k
Z(b’i —y)P <P, and y < b.

i=1

Hence, explicitly showed the existence of the solution. Now, we move on to the second direction and assume there
exists x such that

k
Z(bi —z)?=aP, and z <bg.
i=1
k
= Y (bi—b)’ <aP,  (@sz<by<bey- <by)
=1

= k < xp-
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9. We have k < x;, and Ay, such that

k
af = Z(bz — )P, and Mg < by, (from above item)
i=1

k
> (b —be1)”s (as A < by < by) (60)
=1
k+1
> (bi —bp41)?,  (addition of 0).
=1

From the definition of x,,, we get k + 1 < x,.

10. We are given
k

> (i = )P =a”

i=1

k
= Y (b —be1)? > 0P, (as A > bpa)
i=1
k+1
S Z(bz —bgy1)? > P, (addition of zero)
i=1
= k+1>x,.
O
K.1. Special case: p = 1
For p = 1, by definition, we have
¢1 = max —al|c]|eo + (¢, b) such that Z =1, ¢>0. 61)
N acA
And x is the optimal number of actions, that is
X1
a= Z(bz - C1)
i=1
— (= Yl bi—a
X1
Let A\, be the such that
k
a= (b — )
i=1
Z§:1 i @

Proposition K.2.

Proof. From lemma K.1, we have



Efficient Value Iteration for s-rectangular Robust Markov Decision Processes

Now, we have

Yibi—a Y "bi—a

_ Zf:l bi—a Zf:l bi—a S by
k k+m kE+m
- b 3 b ©2)
k(k +m)) k+m
__m (Zf:l bi — _ Zzl bk-H)
k+m k m
m Z’ni bk+i
= —(\ _ Lai=1 TR
k+m( k m )

From lemma K.1, we also know the stopping criteria for x1, that is

>‘X1 > bX1+1
= Ay > by, 12> 1, (as b; are in descending order)
™ by 4
— Ay, > E:ZﬂiXIJF’ Ym > 1.
m
Combining it with the (62), for all m > 0, we get
m S byt
)‘Xl - )‘X1+m = m()‘xl - %) o
>0 (63)
= )\Xl > )‘X1+m
Hence, we get the desired result,
Cl = )\X1 = m]?,X)\k.
]

K.2. Special case: p = oo

For p = oo, by definition, we have

Coo(b) = max —allc||1 + (¢, b) such that Z ce=1, c¢>=0.
© acA
=max —a + (¢, b) such that Z e =1, c=0. (64)
¢ a€A
= —a+ maxb;
(]
K.3. Special case: p = 2
The problem is discussed in great detail in (Anava & Levy, 2016), here we outline the proof. For p = 2, we have
¢ = max —al|c||2 + (¢, b) such that Z co=1, ¢=0. (65)

acA
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Let A\, be the solution of the following equation

k
a® =) (b= N2 A<b
1=1
k k
=ENT =2 Nbi+ Y (b)%, A<D
i=1 i=1
k k k
. bzﬂ: i bi27k i bi27042
L Tk >k s R ”
S b [ 57— KT ()2 - 02)
B k
_ Zf:l bi 2 " Zf:l b 2
= . « ;(bl P )

From lemma K.1, we know

where Y5 calculated in two ways: a)
X2 = max{m| Z(bl —bm)? < a?}
i=1
b)
X2 = min{m|\;, < bpi1}
m

We proceed greedily until the stopping condition is met in lemma K.1. Concretely, it is illustrated in algorithm 7.

Kd4. L, Water Pouring lemma

In this section, we re-derive the above water pouring lemma for p = 1 from scratch, just for sanity check. As in the above
proof, there is a possibility of some breakdown, as we had to take limits ¢ — co. We will see that all the above results for
p =1 too.

Let b € R4 be such that its components are in decreasing order, i,e b; > b;41 and

A
¢1 = max —al|c||eo + {c, b) such that Zci =1, ¢ >0, Vi (67)
c
i=1
Lets fix any vector ¢ € R*, and let k1 := | —— | and let
max; C; if 1 § kl
Czl: l—klmaxici if Z:kl-l-l
0 else

Then we have,

A
—a||¢]leo + (¢, b) = — amax¢; + Zcibi
i=1
A (68)
< —amaxc; + Z c} b, (recall b, is in decreasing order)
! i=1
= —alc!flo + (', b)
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Now, let’s define ¢ € R4, Let

. k1 opi—a
ko = ki +1 if Zl:,iilbébkﬂ
k1 else

i<
:l(lk;f"’). Then we have,

and let ¢? =

A
—allc' oo + (¢t b) = — Qmax¢; + Z ctb;

k1
=— amaxc¢; + Z max ¢;b; + (1 — k1 max ¢;)bg, +1, (by definition of ¢!)
3 Z 1 7 1
69
—a+ Zz 1 ‘ . ( )
(T)kl max ¢; + bk, +1(1 — Ky max i), (re-arranging)
< -+ Zfil bi
ST

= — alc?||o + (c*,b)

The last inequality comes from the definitions of k5 and c?. So we conclude that an optimal solution is uniform over some
actions, that is

(1= max alle]|oo + {c, b)

(70)

= max
k

( —a+%ji':1bi )

where C := {c* € RA|ck = 1(1<k } is set of uniform actions. Rest all the properties follow the same as L, water pouring
lemma.

L. Robust Value Iteration (Main)

In this section, we will discuss the main results from the paper except for time complexity results. It contains the proofs of
the results presented in the main body and also some other corollaries/special cases.

L.1. (sa)-rectangular robust policy evaluation and improvement

Theorem L.1. (sa)-rectangular L,, robust Bellman operator is equivalent to reward regularized (non-robust) Bellman
operator, that is

( Z}})av)(s) = Z W(Q‘S)[_as,a - 765,(1’4311(@) + RO(sv a) + ’YZ PO(S,|37 a’)v(s/)]v and

a

(T (5) = mitel =00 = YBoaia(0) + Fo(s, ) +7 3 Fols'ls, o)

where ky, is defined in (2).
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Proof. From definition robust Bellman operator and U;* = (Ro + R) x (P + P), we have,

(Tv)(s) = pmin_ 3" w(als) | R(s.a) + vZ P(s'|s,a)u(s) |

_Z [Rosa —l—’yZPo \sa)()]-l—
min 7(als) [T(s,a)+72p(s/|s,a)v(s’) },

peEP,reR -
. (71)
(from (sa)-rectangularlty, we get)
—Z {Rosa—i—“yZPo s, a)u(s) | +
. /
ILCONG. [rea+7 2 pea(s ()
=04 (V)
Now we focus on regularizer function (2, as follows
Qsa = i |: s,a s,a ! ! :|
(v) ps,aeps,rtlzflal"’li}.aeRs,u " ’ + ,yqu:p ’ (s )U(s )
= min 7.,+y min s a($)v(s
rea€Raa T puEP %:p al (72)
—Qgq T min Ps,a V),
HPprSﬁs,a,ZS/ psa(sl):0< >
= — 5,0 — VPBs,akiq(V), (from lemma J.1).
Putting back, we have
(T0)(s) = Y w(als) [ ~ Q0 — VBssakq(v) + Ro(s,a) +7 Y Po(s'[s, a)u(s’) }
Again, reusing the above results in optimal robust operator, we have
*sa _ . o P / / :|
(Tigv)(s) = max R,I}lé%;aza:” (a) [R(&a) + VZ (']s, a)u(s")
= max za: 7s(a) [ —0s.q — VBs,akp(V) + Ro(s,a) + 7 Z Py(s']s,a)v(s") } (73)
= max { —Qs,0 — VBs,akiq(V) + Ro(s,a) + VZPO(S/W, a)v(s) }
The claim is proved. O

L.2. S-rectangular robust policy evaluation

Policy improvement in the s-rectangular case is more involved, hence we begin with policy evaluation.

Theorem L.2. S-rectangular L, robust Bellman operator is equivalent to reward regularized (non-robust) Bellman operator,
that is

(To)(s) = = (o +1Burg(v) ) In(:Js) o+ 3 wlals) (ROSG-F’YZPO (|3, a)o(s') )

where Ky, is defined in (2) and ||7(+|s)||4 is g-norm of the vector w(:|s) € A 4.
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Proof. From definition of robust Bellman operator and U = (Ro + R) x (Py + P), we have

(Tefzv)(s) = min w(als) [R(s,a) + "/ZP(S/‘S, a)v(s’) }

R,PeU; "

=2 lals) [ Ro(s.a) )+ 3 Rl ajots ol
nominal values

+ min w(als) [r(& a) + Wzlp(sﬂs7 a)v(s") }

pEP,TER (74)

(from s-rectangularity we have)

= nlal [ Ro(s.a) +7 3 Rl sl 0]
£ _min_ Zﬂ(a\s) [7s(@) +7 (s ool |

:=Q,(7s,v)

where we denote 75(a) = m(als) as a shorthand. Now we calculate the regularizer function as follows
— : T
Q (ﬂ's» v) = 7"567?51,112 P, <Ts + v ps, 7Ts> = r?él% <T€7 7T€> + '-Yprsrgg v psﬂs

1 1
= —ag||msllg + min vTpgmg, (using Holders inequality, where — + — = 1)
PsEPs p g

= — a;||7slq —|—'y mm ZWS )(Ps,a> V)

= — agl||msl||q + min 7s(a)(p
slimslla T BB Ipeall<Be St pea(sh)= Z 3 s

= — agl|msllg + min ms(a min Ds.asV
oIl 7&(65,@)%(&)?2&: @< R =0 DY)

= — o7 + min ms(a)(—Bsakn(V from lemma J.1
ll SHq ’YZQ(Bsa)pS(ﬁs)Pza: s(@)(—Bsa p( ) ( )

=~ agllmsllg = yrg(v) . max Y my(a)Ba

(75)

30 (Bsa)P<(Bs)P
= — || msllg — VEp (V)| 7514 Bs (using Holders)
= (s + 7Bskq(0) s g
Now putting the above values in robust operator, we have

() = = (‘0 +98uka(0) ) Il + 3o wlals) ((Rofosa) 9 3 Aoels.aps) ).

ry

L.3. s-rectangular robust policy improvement

Reusing robust policy evaluation results in section L.2, we have

(m‘;v)(s): max min Zﬂ's [ s,a —&—va "Is,a)v(s )}

m.€A4 R PEUS
(76)

TsEA A

= max [—(as + vBskq (V)75 lq + Zﬂ‘s R(s,a) +VZP(S’|S7G)U(S’))} .
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Observe that, we have the following form
A
(T7=v)(s) = max —al|c||lq + (¢, b) such that Zci =1, ¢=0, 77
i=1

where o = a g + YBskq(v) and b; = R(s,a;) + 7>, P(s'|s,a;)v(s"). Now all the results below follow from the water
pouring lemma ( lemma K.1).

Algorithm 6 Algorithm to compute s-rectangular L, robust optimal Bellman Operator

1: Input: 0 = a5 + YBskq(v), Q(s,a) = Ro(s,a) +v>_ . Po(s']s,a)v(s).
2: Output ( L’,:.;v)(s)7 Xp (v, 8)
3: Sort Q(s, -) and label actions such that Q(s,a;) > Q(s,as),- - -.
4: Set initial value guess Ay = Q(s,a1) — o and counter k = 1.
5: while k < A —1and Ay < Q(s,ax) do
6:  Increment counter: k =k + 1
7. Take \j to be a solution of the following
k
( Q(s,a;) — x )p: o, and z < Q(s,ar). (78)

i=1

8: end while

9: Return: A\g, k

Theorem L.3. (Policy improvement) The optimal robust Bellman operator can be evaluated in the following ways.

1. L}}v)(s) is the solution of the following equation that can be found using binary search between [ max, Q(s,a) —

o, max, Q(s,a) ]

Z(Q(s,a)—x)pl(Q(s,a)Zx):ap. (79)

a

2. (T.v)(s) and xp(v, s) can also be computed through algorithm 6.

where 0 = s + YBskq(v), and Q(s,a) = Ro(s,a) +v >, Po(s'|s,a)v(s’).

Proof. The first part follows from lemma K.1, point 2. The second part follows from lemma K.1, point 9 (greedy inclusion )
and point 10 (stopping condition). [

Theorem L.4. (Go To Policy) The greedy policy T w.r.t. value function v, defined as T,j.v = T v is a threshold policy. It
P P
takes only those actions that have a positive advantage, with probability proportional to (p — 1)th power of its advantage.

That is
m(als) o< (A(s,a))P " 1(A(s,a) > 0),
where A(s,a) = Ro(s,a) +~v Y. Po(s|s,a)v(s") — (T -v)(s).

Proof. Follows from lemma K.1, point 3. O

Property L.5. x, (v, s) is the number of actions that have a positive advantage, that is

xo(v,5) =|{ al (T0)(s) < Ro(s,0) +7° Y Fols'ls. a)o(s) }|

Proof. Follows from lemma K.1, point 4. O
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Property L.6. ( Value vs Q-value) (T;.v)(s) is bounded by the Q-value of xth and (x + 1)th actions. That is
P
Q(5>ax+1) < (ITL?;U)(S) < Q(S’ ax)’ where X = XP(U’ 3)’
Q(s,a) = Ro(s,a) +v >, Po(s'|s,a)v(s), and Q(s,a1) > Q(s,az2),--- Q(s,aa).

Proof. Follows from lemma K.1, point 7. O

Corollary L.7. For p =1, the optimal policy m w.rt. value function v and uncertainty set U3, can be computed directly
using x1(s) without calculating advantage function. That is

_ (i< x(s))
xi(s)

Proof. Follows from Theorem L.4 by putting p = 1. Note that it can be directly obtained using L; water pouring lemma
(see section K.4) O

Corollary L.8. (For p = o0o) The optimal policy  w.r.t. value function v and uncertainty set U3, (precisely Tjjs v = TjJs v),
is to play the best response, that is
1(a € argmax, Q(s,a))

| arg max, Q(s,a) ‘

In case of tie-in the best response, it is optimal to play any of the best responses with any probability.

m(als) =

Proof. Follows from Theorem L.4 by taking limit p — oco. O

Corollary L.9. For p = oo, T;j.v, the robust optimal Bellman operator evaluation can be obtained in closed form. That is
(Tej v)(s) = max Q(s, a) — o,
where 0 = ag +7B:sk1(v), Q(s,a) = Ro(s,a) +~v . Po(s'|s,a)v(s’).

Proof. Let m be such that
Tz v = Togs v.

This implies

(Ty=v)(s) = min w(als) { R(s,a)+ ’yz P(s'|s,a)v(s") }

» R,PeUs
a

; (80)
!/ /
= —(as +7Bsrp(0)Iw (1) g + Y mlals)(R(s,a) +7 ) P(s|s, a)o(s)).
a s’

From corollary L.8, we know that 7 is a deterministic best response policy. Putting this we get the desired result.
There is another way of proving this, using Theorem 3.3 by taking limit p — oo carefully as

. " P " 1

lim 3 (Q(s.0) = T0)(9)) 1 (Q(s,0) = Tyo)(s) )7 =0, (81)

p—o0 p P

where 0 = a5 + YSBsk1(v). O

Corollary L.10. For p = 1, the robust optimal Bellman operator T;;., can be computed in closed form. That is
p

k
(mpv)(S) = max 2ict Q(Ij’ ai) — 07

where 0 = s + YBskoo(V), Q(s,a) = Ro(s,a) +v . Po(s'|s,a)v(s’), and Q(s,a1) > Q(s,a2),> -+ > Q(s,aa).

Proof. Follows from section K.1. O
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Corollary L.11. The s rectangular Ly, robust Bellman operator can be evaluated for p = 1,2 by algorithm 8 and algorithm
7 respectively.

Proof. Tt follows from the algorithm 6, where we solve the linear equation and quadratic equation for p = 1, 2 respectively.
For p = 2, it can be found in (Anava & Levy, 2016). O]

Algorithm 7 Algorithm to compute S-rectangular Lo robust optimal Bellman Operator
I: Input: 0 =05+ '7/83/12('0)7 Q(S7 CI,) = RO(Sa CL) + ’YZS’ P0(3’|s,a)v(s’).

2: Output (7;/;v)(s), x2(v, s)
3: Sort Q(s, -) and label actions such that Q(s,a1) > Q(s,az),---.
4: Set initial value guess Ay = Q(s,a;) — o and counter k = 1.
5: while k < A —1and Ay < Q(s,ax) do
6:  Increment counter: k = k + 1
7:  Update value estimate:
P k k
i A 2 )2 —
A = . [ ;Q(s, a;) ko? + (Z; Q(s,a;)) kZ;(Q(S, ai)) }

8: end while
9: Return: A\, k

Algorithm 8 Algorithm to compute S-rectangular L, robust optimal Bellman Operator
1: Input: 0 = a5 + VBsk00(v), Q(s,a) = Ro(s,a) +v> . Po(s'|s,a)v(s").

2: Output ( M*fv)(s),xl(v, s)
3: Sort Q(s, -) and label actions such that Q(s,a;) > Q(s,az),- - .
4: Set initial value guess A\; = Q(s,a1) — o and counter k = 1.
5: while k < A —1and Ay < Q(s,ax) do
6: Increment counter: k =k + 1
7.  Update value estimate:
k
1
Ak = T {2@(&%) -0
8: end while

9: Return: A\, k

M. Time Complexity

In this section, we will discuss the time complexity of various robust MDPs and compare it with the time complexity of
non-robust MDPs. We assume that we have the knowledge of the nominal transition kernel and nominal reward function for
robust MDPs, and in the case of non-robust MDPs, we assume the knowledge of the transition kernel and reward function.
We divide the discussion into various parts depending on their similarity.

M.1. Exact Value Iteration: Best Response

In this section, we will discuss non-robust MDPs, (sa)-rectangular L; /Lo /L, robust MDPs and s-rectangular L, robust
MDPs. They all have a common theme for value iteration as follows, for the value function v, their Bellman operator ( 7°)
evaluation is done as

a
~—

action cost

Tv)(s) = max | R(s,a) + as.q k(v P(s'|s,a)v(s’
(Tv)(s) | Rs.a) + K)o 3Pl () ©

reward penalty/cost

sweep
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’Sweep’ requires O(.S) iterations and ’action cost’ requires O(A) iterations. Note that the reward penalty «(v) doesn’t
depend on state and action. It is calculated only once for value iteration for all states. The above value update has to be done
for each states, so one full update requires

0 ( S(action cost) (sweep cost ) +reward cost ): o ( S2 A + reward cost )
Since the value iteration is a contraction map, to get e-close to the optimal value, it requires O(log(%)) full value update, so

the complexity is

0 ( log(%) ( S*A + reward cost )) .

1. Non-robust MDPs: The cost of 'reward is zero as there is no regularizer to compute. The total complexity is

0 (10g(%) (S2A+0)): 0 (log(1)52A> .

€

2. (sa)-rectangular L,/Ls/L. and s-rectangular L., robust MDPs: We need to calculate the reward penalty
(k1(v)/K2(v)/Keo) that takes O(S) iterations. As calculation of mean, variance, and median, all are linear time
compute. Hence the complexity is

1 2 _ N
0 (log(z) (S A—l—S))—O (log(;)S A) .
M.2. Exact Value iteration: Top / response

In this section, we discuss the time complexity of s-rectangular L; / Lo robust MDPs as in algorithm 4. We need to calculate
the reward penalty (Koo (v)/r2(v) in (26)) that takes O(S) iterations. Then for each state we do: sorting of Q-values in (29),
value evaluation in (30), update Q-value in (28) that takes O(Alog(A)), O(A), O(SA) iterations respectively. Hence the
complexity is

= total iteration(reward cost (26) + S( sorting (29) + value evaluation (30) +Q-value(28))

= log(l)(S + S(Alog(A) + A+ SA)

0 ( log(%) (S?A + SAlog(A) )) .

For general p, we need little caution as k,(v) can’t be calculated exactly but approximately by binary search. It is the subject
of discussion for the next sections.

M.3. Inexact Value Iteration: (sa)-rectangular L, robust MDPs (Z/l;a)

In this section, we will study the time complexity for robust value iteration for (sa)-rectangular L, robust MDPs for general
p. Recall, that value iteration takes the best-penalized action, which is easy to compute. But reward penalization depends on
p-variance measure p,(v), which we will estimate by &, (v) through binary search. We have inexact value iterations as

Vn+1(8) 7= max[ase —vBsakq(vn) + Ro(s, a) + > Py(s'|s, a)vn(s)]

ry

where i, (vy,) is a €1 approximation of k4 (vy,), that is |k (vy,) — Kq(vn)| < €. Then it is easy to see that we have bounded
error in robust value iteration, that is

||Un+1 - mzavnHoo < ’Y/Bmaasel

where Bqz == maxs o Bs.a
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Proposition M.1. Let T;; be a -y contraction map, and v* be its fixed point. And let {v,,n > 0} be approximate value
iteration, that is

lvns1 — mvnHoo <e

then .
lim |Jv, — 0" |eo <
n—00 1—7
moreover, it converges to the 157 radius ball linearly, that is
v —v Hoo_l <ey
-
where ¢ = 1i76 + |lvo — v*]|co-
Proof.

[vnt1 = v [loo =[lvnt1 — T v" oo
=[lvnt1 = Tygvn + Tgvn — T 0" ||oo
<vn+1 = T vnlloo + 1T vn — Tv* (oo

vn+1 — T vnlloo + Yvn — 0™ ||oos (contraction)
<e+v||vn — " 0o, (approximate value iteration)
-1 (83)
= | — Voo = Z e+ 4" Jvo — v* |00, (unrolling above recursion)
k=0
1 _ n
=L+ 7"lvo —v"
-
(et oo = o] + 1
L=y L=y
Taking limit n — oo both sides, we get
lim [, — 0" ]|oe < ——.
n—oo 1— vy

O

Lemma M.2. For Ug?, the total iteration cost is log( 1)S2A + (log(1))? to get € close to the optimal robust value function.

€

Proof. We calculate r,(v) with ¢ = % tolerance that takes O(S log(g)) using binary search (see section J.3). Now,

we do approximate value iteration for n = log(M). Using the above lemma, we have
€1
1=y
i (84)

llvn — vz{;a 0o =" 761 + [lvo — UZ{;E o) +

1—

€
§’Yn[§ + ||v0 — v;[;a

w

nG € €
S’Y §+§+§§6

In summary, we have action cost O(A), reward cost O(S log(2)), sweep cost O(S) and total number of iterations O (log(2)).
So the complexity is

(number of iterations) (S(actions cost) (sweep cost) + reward cost)

= log(%) (S*A+ Slog(g) )= log(%)(SQA + Slog(%) + Slog(9))
= log(2)4 + S(log(2))?

€ €
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M.4. Inexact Value Iteration: s-rectangular L, robust MDPs (I4;)

In this section, we study the time complexity for robust value iteration for s-rectangular L, robust MDPs for general p (

algorithm 3). Recall, that value iteration takes regularized actions and penalized rewards. And reward penalization depends

on g-variance measure k,4(v), that we will estimate by &, (v) through binary search, then again we will calculate 7. by
p

binary search with approximated x,(v). Here, we have two error sources ((26), (30)) as a contrast to (sa)-rectangular cases,
where there was only one error source from the estimation of .

First, we account for the error caused by the first source (x4). Here we do value iteration with approximated g-variance &g,
and exact action regularizer. We have

Vnr1(s) == A st aw+Baig() = (Y (Q(s,a) — N)P)?

Q(s,a)=A

where Q(s,a) = Ro(s,a) +7v_ . Po(s'ls,a)v,(s"), and |Rq(vy) — Kq(vn)| < €. Then from the next result (proposition
M.3), we get
||Un+1 - m;avnHoo < 'Yﬂmaasel

where 8,45 1= Max;s q Bs.q

Proposition M.3. Let & be an an e-approximation of k, that is |k — k| < ¢, and let b € R be sorted component wise, that
is, by >,--+ , > ba. Let X\ be the solution to the following equation with exact parameter &,

a+ Bk = (Z |b; — /\\p)%

bi>A
and let \ be the solution of the following equation with approximated parameter R,

oz—i—wﬂf%:(z |bi—5\|p)%,

bi>A

then X is an O(e)-approximation of )\, that is
A=A < 7Be.

Proof. Let the function f : [ba,b1] — R be defined as

F@) = (3 Ibi —a?)7.

We will show that the derivative of f is bounded, implying its inverse is bounded, and hence Lipschitz, that will prove the

claim. Let proceed
df (z) 1 -1
e =—( E |b; — x|P)P g |b; — z|?

b;>x b;>x
_ Zbizx b — P~
- p—1
(Db bi —[P) P (85)

_[ (X lbs = P =) 77 -

< -1.
The inequality follows from the following relation between L,, norm,

[zlla = llzllp, VO <a<b.
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It is easy to see that the function f is strictly monotone in the range b4, b1], so its inverse is well defined in the same range.
Then derivative of the inverse of the function f is bounded as

Z%f()

Now, observe that A = f~ (a + vfk) and A = f~ (o + vf3#), then by Lipschitzcity, we have
A=Al = [ (- BK) = [~ (a+~BR)| < 78| = k= )| < 7Pe.
O

Lemma M.4. For Uy, the total iteration cost is O ( log(L) ( S2A+ SA log(é) )) to get € close to the optimal robust
value function.

Proof. We calculate £4(v) in (26) with ¢ = a 'Y)e tolerance that takes O(S log(< >)) iterations using binary search (see
section J.3). Then for every state, we sort the Q values (as in (29)) that cost O(Alog(A)) iterations. In each state, to

update value, we do again binary search with approximate x4(v) up to €3 := % tolerance, that takes O(log(é)) search
iterations and each iteration cost O(A), altogether it costs O(A log(é)) iterations. Sorting of actions and binary search
adds up to O(A 1og(é)) iterations (action cost). So we have (doubly) approximated value iteration as follows,

long1(s) — A < e (86)

where

(s +9Bshq(a)P = D (Quls,a) = N

and
Qn(s,a) = Ro(s,0) +7 > Po(s'[s,a)vn(s),  |fg(vn) = Kg(vn)| < 1.

And we do this approximate value iteration for n = log(M)

have

. Now, we do error analysis. By accumulating error, we

[0n41(5) = (T va) (8)] <lons1(s) = A + A = (Tiva) ()]
<er+|A = (Tisvn)(s)l,  (by definition)

(87)
<é€1 + YBmax€1, (from proposition M.3)
§2€1.
where 8,4, := maxg 8,7 < 1.
Now, we do approximate value iteration, and from proposition M.1, we get
* n 1 *
o = vi | <5 42" =200+ o — v ] (5)
Now, putting the value of n, we have
* n 2¢ « 261
”Un_vu;oo—’y [1_ Uu; oo}"’_l_,y
<v”[5 + o — v lloo] + = (89)
-3 3
n €
<
3+3+3—6

To summarize, we do O(log(1)) full value iterations. Cost of evaluating reward penalty is O(Slog(2)). For each state:
evaluation of Q-value from value function requires O(SA) iterations, sorting the actions according (Q-values requires
O(Alog(A)) iterations, and binary search for evaluation of value requires O(A log(1/¢). So the complexity is

O((total iterations)(reward cost + S(Q-value + sorting + binary search for value )))
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:oQ%éﬂsm@§+ﬂ&uAb%@+m%é»D
=C)(ba%)(Sbg%y+5bg5)+S%4+5AbgA)+SAmg%)»
%)(S%&+SAkg@®—%SAkg(H))

€

=0 (log(

:o(bg5(§A+&mgAn)

€ €
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