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Abstract

We study the stochastic shortest path problem with adversarial costs and known transition, and
show that the minimax regret is O(v/DT, K ) and O(v/DT,SAK) for the full-information setting
and the bandit feedback setting respectively, where D is the diameter, 7} is the expected hitting
time of the optimal policy, S is the number of states, A is the number of actions, and K is the
number of episodes. Our results significantly improve upon the recent work of (Rosenberg and
Mansour, 2020) which only considers the full-information setting and achieves suboptimal regret.
Our work is also the first to consider bandit feedback with adversarial costs.

Our algorithms are built on top of the Online Mirror Descent framework with a variety of
new techniques that might be of independent interest, including an improved multi-scale expert
algorithm, a reduction from general stochastic shortest path to a special loop-free case, a skewed
occupancy measure space, and a novel correction term added to the cost estimators. Interestingly,
the last two elements reduce the variance of the learner via positive bias and the variance of the op-
timal policy via negative bias respectively, and having them simultaneously is critical for obtaining
the optimal high-probability bound in the bandit feedback setting.

1. Introduction

We study the stochastic shortest path (SSP) problem, where a learner tries to reach a goal state in a
Markov Decision Process (MDP) with minimum total cost. The problem proceeds in K episodes.
In each episode, the learner starts from a fixed state, sequentially selects an available action, incurs a
cost, and transits to the next state sampled from a fixed transition function. The episode ends when
the learner reaches a fixed goal state. The performance of the learner is measured by her regret,
which is the difference between her total cost over the K episodes and that of the best fixed policy.

The special case of SSP where the learner is guaranteed to reach the goal state within a fixed
number of steps is extensively studied in recent years. It is often known as episodic finite-horizon
reinforcement learning or equivalently loop-free SSP. The general case, however, is much less un-
derstood. Recently, Tarbouriech et al. (2020) and Cohen et al. (2020) study the case where the costs
are fixed or generated stochastically and develop algorithms with sub-linear regret. Another recent
work by Rosenberg and Mansour (2020) considers adversarial costs that are chosen arbitrarily but
revealed at the end of each episode (the so-called full-information setting). When the transition
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Table 1: Summary of our minimax optimal results and comparisons with prior work. Here, D, S, A
are the diameter, number of states, and number of actions of the MDP, ¢,;,, is the minimum
cost, Ty < D/cmin is the expected hitting time of the optimal policy, and K is the number
of episodes. Logarithmic terms are omitted. All algorithms can be implemented efficiently.
Algorithm 2 is completely parameter-free, while others require the knowledge of 7.

Minimax Regret (this work) (Rosenberg and Mansour, 2020)
O(vDT.K)
Algorithm 2 ted bound ~ ~
Full information gor% m (e).ipec © 0}1r.1 ) @) ( P_\/K ) or O <\/DT* K %)
Algorithm 3 (high probability bound) Cmin

Theorem 3 (lower bound)
0(vDT.SAK)

Algorithm 4 (expected bound)

Algorithm 5 (high probability bound)

Theorem 10 (lower bound)

Bandit feedback N/A

function is known, their algorithm achieves (7)(%\/? ) regret where D is the diameter of the
MDP and ¢pin € (0, 1] is a global lower bound of the cost for any state-action pair. When ¢pi, = 0,
they provide a different algorithm with regret @(\/DT*K 3/ 4) where T, is the expected time for the
optimal policy to reach the goal state. They also further study the case with unknown transition.

In this work, we significantly improve the state-of-the-art for the general SSP problem with
adversarial costs and known transition, by developing matching upper and lower bounds for both
the full-information setting and the bandit feedback setting. More specifically, our results are (see
also Table 1 for a summary):

e In the full-information setting, we show that the minimax regret is of order ©(y/DT,K)
(ignoring logarithmic terms), with no dependence on 1/cyi, (it can be shown that T, <
D/cmin). We develop two algorithms, one with optimal expected regret (Algorithm 2) and an-
other with optimal high probability regret (Algorithm 3). Note that, as pointed out by Rosen-
berg and Mansour (2020), achieving high probability bounds for SSP is significantly more
challenging even in the full-information setting, since the learner is often not guaranteed to
reach the goal within a fixed number of steps with high probability. We complement our
algorithms and upper bounds with a matching lower bound in Theorem 3.

e Next, we further consider the more challenging bandit feedback setting where the learner
only observes the cost for the visited state-action pairs, which has not been studied before in
the adversarial cost case to the best of our knowledge. We show that the minimax regret is
of order ©(v/DT,SAK) (ignoring logarithmic terms) where S is the number of states and
A is the number of actions. We again developed two algorithms, one with optimal expected
regret (Algorithm 4) and another more complex one with optimal high probability regret
(Algorithm 5). A matching lower bound is shown in Theorem 10.
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Techniques Similarly to (Rosenberg and Mansour, 2020), our algorithms are all based on the
standard Online Mirror Descent (OMD) framework. However, a variety of new techniques are
developed on top of OMD to achieve our results. For example, to obtain the optimal expected
regret in the full-information setting without knowing 7} ahead of time, we reduce the problem to
the multi-scale expert problem studied in (Bubeck et al., 2017; Foster et al., 2017; Cutkosky and
Orabona, 2018) and develop a new algorithm with an improved guarantee necessary to achieve our
results, which might be of independent interest.!

Our other algorithms all require a reduction from a general SSP instance to its loop-free version
(Definition 5) as well as executing OMD over a skewed occupancy measure space, both of which
are novel as far as we know. The skewed occupancy measure can be viewed as adding positive bias
to the costs, as a way to reduce the variance of the learner. These algorithms require setting some
parameters in terms of 7} to achieve the optimal regret though (see discussions after Theorem 8).

In addition, the two algorithms in the bandit feedback setting require the usage of the log-barrier
regularizer, an increasing learning rate schedule similar to (Lee et al., 2020a), and injecting another
negative bias term into the cost estimator to reduce the variance of the optimal policy. We find the
necessity of both positive and negative bias in the bandit setting intriguing.

Related work Earlier research studies SSP as a control problem and focuses on finding the op-
timal policy efficiently with all the parameters known; see for example (Bertsekas and Tsitsiklis,
1991; Bertsekas and Yu, 2013). Learning with low regret in SSP was first studied in (Tarbouriech
et al., 2020), which considers fixed or stochastic costs and proposes algorithms with sub-linear re-
gret that depends on 1/cp,in. Cohen et al. (2020) remove the 1/cyi, dependence and propose an
algorithm with almost optimal regret. Note that their bounds do not depend on the parameter 75;
see our discussions after Theorem 3 on why 77, shows up in the adversarial cost case.

To the best of our knowledge, (Rosenberg and Mansour, 2020) is the only existing work that
studies SSP with adversarial costs. They only study the full-information setting, with either known
or unknown transition, while we consider both the full-information setting and the bandit feedback
setting, but only with known transition. We note that our loop-free reduction is readily applied to
the unknown transition case, but it only leads to some suboptimal bounds (details omitted).

As mentioned, the special case of SSP with a fixed horizon is extensively studied in recent years,
for both stochastic costs (see e.g., (Azar et al., 2017; Jin et al., 2018; Zanette and Brunskill, 2019;
Shani et al., 2020)) and adversarial costs (see e.g., (Neu et al., 2012; Zimin and Neu, 2013; Rosen-
berg and Mansour, 2019; Jin et al., 2020)). The latter also heavily relies on the OMD framework,
but the occupancy measure space that OMD operates over is much simpler compared to general
SSP. Note that, although one of our key algorithmic ideas is to reduce general SSP to this special
case, it does not mean that one can directly apply these existing algorithms after the reduction, as it
only leads to suboptimal bounds. Instead, one must further utilize different properties of the original
SSP instance to achieve the minimax regret, as we will discuss in detail.

2. Preliminaries

A stochastic shortest path (SSP) instance is defined by an MDP M = (S, s, 9,4, P) and a se-
quence of K cost functions {ck}f;l. Here, S is a finite state space, so € S is the initial state,

1. See also concurrent work (Chen et al., 2021) by the same authors for in-depth discussions and significant extensions
of this idea.
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g ¢ S is the goal state, and A = {As}ses is a finite action space where A, is the available ac-
tion set at state s. We denote by I' = {(s,a) : s € S,a € A} the set of valid state-action
pairs, and by S = |S|and A = (3 s |As|)/S the total number of states and the average number
of available actions respectively. The transition function P : I' x S U {g} — [0, 1] is such that
P(s'|s, a) is the probability of transiting to s’ after taking action a € Aj at state s, and it satisfies
> sesufgy P(s']s,a) = 1 for each (s,a) € I'. Finally, the cost function ¢ : I' — [0, 1] specifies
the cost for each state-action pair during episode k.

The learning protocol is as follows. The learner interacts with a known MDP M through K
episodes. In each episode k£ = 1,..., K, the environment adaptively decides the cost function ¢y,
which can depend on the learner’s algorithm and the randomness before episode k. Simultaneously,
starting from the initial state so € S, the learner sequentially selects an action and transits to the
next state according to the transition function, until reaching the goal state g. More formally, in
each step ¢ of the episode, the learner observes its current state s}; (with 5,1€ = sg always). If 5}; #g,
the learner selects an action a}, € Asz and moves to the next state s sampled from P(:|si, a}).
The episode ends when the current state is the goal state, and we denote by I, the number of steps
in this episode such that s,ﬁ’““ =g.

We consider two different types of feedback on the cost functions for the learner after the
goal state is reached. In the full-information setting, the entire cost function cy, is revealed to the
learner, while in the bandit feedback setting, only the costs for the visited state-action pairs, that is,
cr(si,al) fori=1,..., I, are revealed to the learner.

Proper policies and related concepts Before discussing the goal of the learner, we introduce
several necessary concepts. A stationary policy is a mapping 7 such that 7(al|s) specifies the prob-
ability of taking action a € A, in state s. It is deterministic if 7(-|s) concentrates on one single
action (denoted by 7(s)) for all s. It is proper if executing it in the MDP starting from any state
ensures that the goal state is reached within a finite number of steps with probability 1 (otherwise it
is called improper). The set of all deterministic and proper policies is denoted by II,;oper. Follow-
ing (Rosenberg and Mansour, 2020), we make the basic assumption IT,poper 7 0.

Let T™(s) denote the expected hitting time it takes for 7 to reach g starting from state s. If 7
is proper, then T7(s) < oo for any state s. The fast policy w/ is the (deterministic) policy that
achieves the minimum expected hitting time starting from any state, and the diameter of the MDP
is defined as D = maxes Milzell,ope, 1 (8) = MaXses T (s). Note that both 7/ and D can be
computed ahead of time since we consider the known transition setting.

Given a cost function ¢ and a proper policy 7, we define the cost-to-go function J™ : S — [0, 00)

such that J7(s) = E | 320 (s, ai)’ P st = s} , where the expectation is over the randomness

of the action a’ drawn from 7(-|s), the state s drawn from P(-|s’,a‘), and the number of steps
I before reaching g. We use J;7 to denote the cost-to-go function with respect to the cost cy,.

Learning objective The learner’s goal is to minimize her regret, defined as the difference be-
tween her total cost and the total expected cost of the best deterministic proper policy in hind-
sight: Rie = Y1) S0 ex(sal) — ST, I (s0), where 7 € argmingeqy, . S, JF (s0).
By the Markov property, it is clear that 7* is in fact also the optimal policy starting from any
other state, that is, 7™ € argmin cp Zle Ji(s) for any s € S. Two quantities related
to 7* play an important role in our analysis: its expected hitting time starting from the initial state
T, = T™ (so) and its largest expected hitting time starting from any state Tja, = maxs 7™ (s). Let
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Cmin = Ming mingg q) ¢k (s, a) be the minimum cost, and s,,ax € S be such that Thax = T (Smax)-
We have ThaxCmin < J,Zf*(smax) and J,?f (Smax) < D by definition. Together with the fact
S T (Smax) < S pey JT (Smax). this implies T, < Thax < 22 if cin > 0 (which is
one of the reasons why cp,i, shows up in existing results).

Occupancy measure For a fixed MDP, a proper policy 7 induces an occupancy measure g, €
RY, such that g (s, a) is the expected number of visits to (s, a) when executing T, that is: ¢, (s, a) =

E [Zi[:l I{s' =s,a' = a}‘ P st = 50} . Similarly, ¢z(s) = > ,c4, @x(s,a) is the expected
number of visits to s when executing 7. Clearly, we have Ji7 (s0) = > (5 o)er 4n (5, a)ck(s,a) =

(¢, ck), and if the learner executes a stationary proper policy 7 in episode k, then the expected
regret can be written as

k=1

K K
ElRk]=E [Z Ji* (s0) — Jﬂ*(so)] =E [Z (G, — qw*,cml : (D
k=1

converting the problem into a form of online linear optimization and making Online Mirror Descent
a natural solution to the problem. Note that, given a function ¢ : I' — [0, 00), if it corresponds to an
occupancy measure, then the corresponding policy 7, can clearly be obtained by 7, (a|s) o ¢(s, a).

Also note that 77 (sg) = Z(sﬂ) qn(s,a) =D e qr(5).

Other notations We let N (s, a) denote the (random) number of visits of the learner to (s, a)
during episode k, so that the regret can be re-written as Rx = Zszl (Nk, — @n+, c). Throughout
the paper, we use the notation (f, g) as a shorthand for } ¢ f(s)g(s), D5 q) f(s,a)9(s, a), or
S > (s.a) f(s,a,h)g(s,a,h) when f and g are functions in RS, R, or RV*H] (for some H)
respectively. Let Fj denote the o-algebra of events up to the beginning of episode k, and Ej be a
shorthand of E[-|F]. For a convex function v, the Bregman divergence between u and v is defined
as: Dy(u,v) = ¥(u) — ¢(v) — (Vio(v),u — v). For an integer n, [n] denotes the set {1,...,n}.

3. Minimax Regret for the Full-information Setting

In this section, we consider the simpler full-information setting where the learner observes cj in
the end of episode k. Somewhat surprisingly, even in this case, ensuring optimal regret is rather
challenging. We first propose an algorithm with expected regret @(m ) and a matching lower
bound in Section 3.1. Notably, our algorithm is parameter-free and does not need to know 7T, ahead
of time.? Next, in Section 3.2, by converting the problem into another loop-free SSP instance and
using a skewed occupancy measure space, we develop an algorithm that achieves the same regret
bound with high probability, although this requires the knowledge of 7.

3.1. Optimal expected regret

To introduce our algorithm, we first briefly review the SSP-O-REPS algorithm of Rosenberg and
Mansour (2020), which only achieves regret (’)(%\/ﬁ ). The idea is to run the standard Online
Mirror Descent (OMD) algorithm over an appropriate occupancy measure space. Specifically, they

2. The knowledge of K is also unnecessary due to the standard doubling trick.
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Algorithm 1 SSP-O-REPS
Input: upper bound on expected hitting time 7.

Define: regularizer ¢)(q) = % Z(s,a) q(s,a)Inqg(s,a) and n = min {é, Tln,g?T)}.

Initialization: ¢; = argmin ¢ x(p) ¥(¢) where A(T) is defined in Eq. (2).
fork=1,..., K do
| Execute mg,, receive cy, and update g1 = argmingea(ry (4, ck) + Dy (¢, qr)-

Algorithm 2 Adaptive SSP-O-REPS with Multi-scale Experts

T 7|—f — 1) — -70+-7 s = 1 = — 1
Define: jy = [logy T (s0)] — L.b(j) = 2.1y = o N = [logy K7 — o,
Define: © = {p € RY, : =V p(j) =1} and ¢o(p) = -, -p() I p(j).

Initialize: p; € Q such that p;(j) = N”—;ﬁ, Vi # 1.
Initialize: IV instances of Algorithm 1, where the j-th instance uses parameter 7" = b(j).
fork=1,..., K do

For each j € [IN], obtain occupancy measure q,i from SSP-O-REPS instance j.

Sample j; ~ pi, execute the policy induced by qi’“, receive cg, and feed c;. to all instances.

Compute ek‘ and A Ek(]) = <Qi7 Ck>7ak(j) = 477]£%(])7 v.] € [N]
Update py41 = argmin,cq (p, bk + a) + Dy (p, pr).

define the occupancy measure space parameterized by size ' > 0 as:

A(T) = {q eRL,: Z q(s,a) <T,

(s,a)el

Z q(s,a) — Z P(s|s',a’)q(s',a") =1{s = so}, Vs € S}.

acAs (s',a’)eT

(@)

It is shown that every ¢ € A(T) is a valid occupancy measure induced by the policy 7, (recall
mg(als) o q(s,a)). Therefore, as long as T is large enough such that ¢~ € A(T), based on
Eq. (1), the problem is essentially translated to an instance of online linear optimization and can be
solved by maintaining a sequence of occupancy measures qi, . . . , x updated according to OMD:
Qr+1 = argminge n(p) (¢, ck) + Dy (g, qr), where o) is a regularizer with the default choice being the
negative entropy ¥ (q) = % Z(w) q(s,a)Inq(s,a) for some learning rate n > 0. See Algorithm 1
for the pseudocode and (Rosenberg and Mansour, 2020) for the details of implementing it efficiently.

Rosenberg and Mansour (2020) show that as long as ¢+ € A(T), Algorithm 1 ensures
E[Rk] = O(TVK). To ensure g« € A(T), they set T = % because »_ ;e 4rr(s,a) =
T, < % as discussed in Section 2. This leads to their final regret bound (’N)(%\/f ).

We improve their approach using the following two ideas. First, we show a more careful analysis
for the same Algorithm 1 and use the fact that the total expected cost of 7* is bounded by DK
instead of T'K to obtain the following stronger guarantee.

Lemma 1 If T is such that qz~ € A(T), then Algorithm 1 guarantees: E[Rg] = O(vVDTK).
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By using the same 7' = leads to a better bound O(D+/K /cmiy). If Ty

was known, setting T' = T, would also immediately give the claimed bound @(\/DT*K ) (since
g~ € A(T})), which is optimal as we show later.

The second new idea of our approach is thus to deal with unknown 7} by learning it on the fly
via another online learning meta-algorithm (Algorithm 2). Specifically, we maintain roughly In K
instances of Algorithm 1, where the j-th instance sets the parameter 7" as b(j) which is roughly
27, so that there always exists an instance j* with b(j*) very close to the unknown T,. The meta-
algorithm treats each instance as an expert, and in each episode, samples one of these experts and
follows its policy (Line 2). If the regret of this meta-algorithm to instance j* is no larger than
O(v/DT,K), then the overall regret to 7* would clearly also be O(v/ DT, K).

While seemingly this appears to be a classic expert problem and might be solved by the standard
Hedge algorithm (Freund and Schapire, 1997), the key challenge is that the loss for each expert
J» denoted by (1 (j) = (qi.,cx) (for episode k), has a different scale. Indeed, we have (j) <
> (5,0) qi(s, a) < b(j). Standard algorithms such as Hedge have a regret bound that depends on a
uniform upper bound of all losses as large as b(N) ~ K in our case, leading to a vacuous bound.
More advanced “multi-scale” algorithms (Bubeck et al., 2017; Foster et al., 2017; Cutkosky and
Orabona, 2018) mitigate the issue and ensure regret O(b(5*)v/K) comparing to expert j*, which
still leads to @(T V' K) regret overhead and ruins the final bound.

To address this challenge, we propose a new multi-scale expert algorithm with regret bound

O (\/b B[S 5 4.() )]) which is always no worse than previous works since S5 £,.(j*) <

K. The algorithm is similar to that of (Bubeck et al., 2017) which is OMD over the (N — 1)-
dlmenswnal simplex with a weighted negative entropy regularizer ¢(p) = Z;V 1 p(3) Inp(5).
Here, each expert uses a different learning rate 7; that depends on the corresponding scale b(j).
The key difference of our algorithm is that we also add a correction term ay(j) = 4n;¢2(j) to the
loss 4(j) (Line 4), an idea used in previous works such as (Steinhardt and Liang, 2014; Wei and
Luo, 2018) to obtain a bound in terms of the loss of the benchmark Zf 1 1 (5%). Another important
tweak is to set the initial distribution for expert j # 1 to be 72-. We note that this new and improved

multi-scale expert algorithm might be of 1ndependent 1nterest

To see why this improved bound @) <\/ b(5*) K 1 k(g *)]) helps, note that Lemma 1 imples:

B[N0 ()] < B[S, JT (so)} +O(J/D K) < DK + O(y/DT,K). Thus, the overhead
of the meta-algorithm is of order O(v/DT, K ) as desired. We summarize the final guarantee below.

Theorem 2 Algorithm 2 enjoys the following expected regret bound: E|Ry| = @) (\/DT*K ) .

Lower bound Our regret bound stated in Theorem 2 not only improves that of (Rosenberg and
Mansour, 2020), but is also optimal up to logarithmic terms as shown in the following lower bound.

Theorem 3 For any D,T,, K with K > T, > D + 1, there exists an SSP instance such that its
diameter is D + 2, the optimal policy has hitting time T + 1, and the expected regret of any learner
after K episodes is at least ) (\/DT*K ) under the full-information and known transition setting.

Similarly to most lower bound proofs, our proof also constructs an environment with stochas-
tic costs and with a slightly better state hidden among other equally good states, and argues that
the expected regret of any learner with respect to the randomness of the environment has to be
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Q (\/W ) At first glance, this appears to be a contradiction to existing results for SSP with
stochastic costs (Tarbouriech et al., 2020; Cohen et al., 2020), where the optimal regret is indepen-
dent of T,. However, the catch is that “stochastic costs” has a different meaning in these works.
Specifically, it refers to a setting where the cost for each state-action pair is drawn independently
from a fixed distribution every time it is visited, and is revealed to the learner immediately. On the
other hand, “stochastic costs” in our lower bound proof refers to a setting where at the beginning of
each episode k, ¢, is sampled once from a fixed distribution and then fixed throughout the episode.
Moreover, it is revealed only after the episode ends. It can be shown that our setting is harder due
to the larger variance of costs, explaining our larger lower bound and the seemingly contradiction.

3.2. Optimal high-probability regret

To obtain a high-probability regret bound, one needs to control the deviation between the actual
total cost of the learner Zszl (N, ck) and its expectation Zle (g, cx). While for most online
learning problems with full information, similar deviation can be easily controlled by the Azuma’s
inequality, this is not true for SSP as pointed out in (Rosenberg and Mansour, 2020), due to the lack
of an almost sure upper bound on the random variable (N, ci). Rosenberg and Mansour (2020,
Lemma E.1) point out that with high probability , ;) Nx+(s, ) is bounded by Tiax, and thus it is

natural to enforce the same for V... However, this at best leads to a bound of order @(\/DTmaXK ).
To achieve the optimal regret, we start with a closer look at the variance of the actual cost of any
policy, showing that it is in fact related to the corresponding cost-to-go function.

Lemma 4 Consider executing a stationary policy 7 in episode k. Then E[{ Ny, ¢;)%] < 2 (¢x, J7).

For the optimal policy 7*, although <q7r*, JL *> can still be as large as T,ax, one key observation
is that the sum of these quantities over K episodes is at most DT} K since Ele (gue, JT) =
> ses A+ (5) Zle J&(s) < DK, s qr+(s) = DT,K, where the inequality is again due to

the optimality of 7* and the existence of the fast policy =/: YK Jm*(s) < YK Jr'(s) <
DK. Given this observation, it is tempting to enforce that the learner’s policies 71, . .., Tk are also

such that ) szl <q,rk, J,? ’“> < DT, K, which would be enough to control the deviation between
Zszl (N, cr)and le {Gry, cx) by O(VDT,K) as desired by Freedman’s inequality. However,
it is unclear how to enforce this constraint since it depends on all the cost functions unknown ahead
of time. In fact, even if the cost functions were known, the constraint is also non-convex due to the
complicated dependence of J| on g,. To address these issues, we propose two novel ideas.

First idea: a loop-free reduction Our first idea is to reduce the problem to a loop-free MDP
so that the variance E[(Ny, ¢)?] takes a much simpler form that is linear in both the occupancy
measure and the cost function. Moreover, the reduction only introduces a small bias in the regret
between the original problem and its loop-free version. The construction of the loop-free MDP is
basically to duplicate each state by attaching a time step h for H; steps, and then connect all states
to some virtual fast state that lasts for another Hy steps. Formally, we define the following.

Definition 5 For an SSP instance M = (S, so, g, A, P) with cost functions c1.i, we define, for
horizon parameters Hy, Ho € N, another loop-free SSP instance M = (S, So, g, A, P) with cost
function ¢1.x as follows:

e S=(SU {sf}) x [H] where sy is an artificially added “fast” state and H = Hy + Hy;
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e 50 = (80, 1) and the goal state g remains the same;

e A= AU {as}, where ay is an artificially added action that is only available at (s¢, h) for
h € [H] (the available action set at (s, h) is A, for all s # sy and h € [H]);

e transition from (s, h) to (s', 1) is only possible when h/ = h + 1: for the first Hy layers, the
transition follows the original MDP in the sense that P((s',h + 1)|(s, h),a) = P(s'|s, a)
and P(g|(s,h),a) = P(g|s,a) for all h < Hy and (s,a) € T; from layer Hy to layer
H, all states transit to the fast state: ]5((Sf, h+1)|(s,h),a) = 1forall HH < h < H
and (s,a) € I 2TU {(s,ay)}; finally, the last layer transits to the goal state always:
P(g|(s,H),a) = 1forall (s,a) € T;

e cost function is such that ¢ ((s, h),a) = ci(s,a) and ¢ ((s¢, h),ar) = 1 forall (s,a) € T
and h € [H|; for notational convenience, we also write ¢i((s, h), a) as ci(s, a, h).

Note that in this definition, there are some redundant states such as (s, h) fors € Sand h > H;
or (s¢,h) for h < H; since they will never be visited. However, having these redundant states
greatly simplifies our presentation. For notations related to the loop-free version, we often use
a tilde symbol to distinguish them from the original counterparts (such as M and g), and for a
function f((s, h), a) that takes a state in M and an action as inputs, we often simplify it as f(s, a, h)
(such as ¢ and gi). For such a function, we will also use the notatio~n hof € RI*H] guch that
(h o f)(s,a,h) = h- f(s,a,h). Similarly, for a function f € R, we use the same notation
ho f e RV guch that (h o f)(s,a,h) = h- f(s,a).

As mentioned, one key reason of considering such a loop-free MDP is that the variance of the
learner’s actual cost takes a much simpler form that is linear in both the occupancy measure and the
cost function, as shown in the lemma below (which is an analogue of Lemma 4).

Lemma 6 Consider executing a stationary policy T in M in episode k and let Nk (s,a,h) € {0,1}
denote the number of visits to state-action pair (s, h), a). Then E[{ Ny, cx)?] < 2 (gz, h o cz).

Next, we complete the reduction by describing how one can solve the original problem via
solving its loop-free version. Given a policy 7 for M, we define a non-stationary policy o () for
M as follows: for each step h < Hj, follow 7(-|(s, h)) when at state s; after the first H; steps (if
not reaching g yet), execute the fast policy 7/ until reaching the goal state g. When executing o (7)
in M for episode k, we overload the notation Ny, defined in Lemma 6 and let Nk(s, a, h) be 1 if
(s,a) is visited at time step h < Hj, or 0 otherwise; and Nk(sf, ag,h)be lif H; < h < H and
the goal state g is not reached within H; steps, or O otherwise. Clearly, N (s, a, h) indeed follows
the same distribution as the number of visits to state-action pair ((s, k), a) when executing 7 in M.
We also define a deterministic policy 7* for M that mimics the behavior of 7* in the sense that
7*(s,h) = m*(s) for s € S and h < H; (for larger h, s has to be s and the only available action is
ar). The next lemma shows that, as long as the horizon parameters H; and H> are set appropriately,
this reduction makes sure that the regret between these two problems are similar.

Lemma 7 Suppose Hi > 8T haxIn K, Hy = [4DIn %] and K > D for some § € (0,1). Let

T, ..., Tk be policies for M with occupancy measures q1, . .. ,qix € [0, l]fX[H]. Then the regret
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Algorithm 3 SSP-O-REPS with Loop-free Reduction and Skewed Occupancy Measure
Input: Upper bound on expected hitting time 7', horizon parameter H;, confidence level §

Parameters: 1 = min {%, \/DLK}, A\ = lg(:;/;(),HQ = [4DIn %]

Define: H = Hy + Ho, regularizer ¢ (¢) = % Zthl Z(s a)ef o(s,a,h)Ing(s,a,h)
Define: decision set Q = {¢ = ¢+ A oq: g € A(T)} (with A(T) defined in Eq. (8))
Initialization: ¢1 = ¢1 + Ah o ¢1 = argmin,cq ¥(¢).

fork=1,..., Kdo
L Execute o (7 ) where 7y, is such that 7k (al(s, h)) < qx(s, a, h), and receive cx.

Update ¢p11 = qri1 + Ao gry1 = argmingeq (@, ck) + Dy (@, dr)-

of executing o(71), . ..,0(T k) in M satisfies: 1) for any X € (0,2/H]|, with probability 1 — 4,

K o, . K K 2In (2/s5)
Ry < <Nk—%*,ck>+(9(1) < (%—Q%*7Ck>+/\z<%7hock>+f+O(1)7

k=1 k=1 k=1

v~

REG VAR
and 2) E[Rx] < E[REG] + O (1).

Note that the REG term is the expected regret (to 7*) in M and can again be controlled by
OMD. The VAR term comes from the derivation between the actual cost of the learner in M and
its expectation, according to Freedman’s inequality and Lemma 6. At this point, one might wonder
whether directly applying an existing algorithm such as (Zimin and Neu, 2013) for loop-free MDPs
solves the problem, since Lemma 7 shows that the regret in these two problems are close. Doing so,
however, leads to a suboptimal bound of order O(HvK) = O((Tjnax + D)V K). This is basically
the same as trivially bounding VAR by H2K. It is thus critical to better control this term using
properties of the original problem, which requires the second idea described below.

Second idea: skewed occupancy measure space Similarly to earlier discussions, it can be
shown that 2521 (gz+,hocg) = O(DT,K) (Lemma 15), making it hopeful to bound VAR by
the same. However, even though the variance now takes a simpler form, it is still unclear how
to directly enforce the algorithm to satisfy VAR = O (DT,K). Instead, we take a different
route and make sure that the REG term is at most O (\/DT*K + )\DT*K) — AVAR, thus can-
celing the variance term. To do so, thanks to the simple form of VAR, it suffices to inject a
small positive bias into the action space of OMD, making it a skewed occupancy measure space:
Q={¢p=q+Ahoq:qe A(T,)} where A(T,) is the counterpart of A(T,) for M (see Eq. (8)
in Appendix A for the spelled out definition). Indeed, by similar arguments from Section 3.1,
operating OMD over this space ensures a bound of order O (\/DT*K ) on the “skewed regret”:
SK  ((gr + Mhogr) — (g + Mo gze), cx) = REG + AVAR — AS | (gz+, h o ¢;) , and we
already know that the last term is of order O (ADT, K). Rearranging thus proves the desired bound
on REG, and finally picking the optimal A to trade off the term M leads to the optimal bound.
We summarize the final algorithm in Algorithm 3 and its regret guarantee below. (Note that the
algorithm can be implemented efficiently since €2 is a convex polytope with O(SAH) constraints.)

Theorem 8 IfT > T, + 1, H > 8Ty In K, and K > H?Iln (%), then with probability at least
1 — 6, Algorithm 3 ensures Ry = O(y/DTK In (1/5)).

10
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To obtain the optimal bound, we need to set 1" = cT + 1 for any constant ¢ > 1. Unfortunately,
we are unable to extend the idea from Section 3.1 to also learn this parameter on the fly, and we
leave it as an important future direction (see Section 5 for more discussions). Note that, however, in
the construction of the lower bound (Theorem 3), 7} is indeed known to the learner. Thus, assuming
the knowledge of T, does not make the problem any easier information-theoretically. As for the
parameter H;, we can always set it to something large such as K/3 so that the conditions of the
theorem hold for large enough K (though leading to a larger time complexity of the algorithm).

We also remark that instead of injecting bias to the occupancy measure space, one can obtain the
same by injecting a similar positive bias to the cost function. However, we use the former approach
because it turns out to be critical for the bandit feedback setting that we consider in the next section.

4. Minimax Regret for the Bandit Feedback Setting

We now consider the more challenging case with bandit feedback, that is, at the end of each episode,
the learner only receives the cost of the visited state-action pairs. A standard technique in the
adversarial bandit literature is to construct an importance-weighted cost estimator ¢, for ¢; and
then feed it to OMD, which is even applicable to learning loop-free SSP (Zimin and Neu, 2013; Jin

et al., 2020; Lee et al., 2020a). For general SSP, the natural importance-weighted estimator ¢y, is:
N (s,a)cg(s,a)

qr(s,a)
measure of the policy executed in episode k. This is clearly unbiased since E; [Nk (s, a)] = qx (s, a).

However, it is well-known that unbiasedness alone is not enough — the variance of the estimator
also plays a key role in the OMD analysis even if one only cares about expected regret. For example,
if we still use the entropy regularizer as in Section 3, the so-called stability term of OMD is in terms
ELNECIE 00 While this term is
nicely bounded in the loop-free case (since N (s, a) is binary and thus Ex[N?(s,a)] = qx(s,a)
cancels out the denominator), unfortunately it can be prohibitively large in the general case. In light
of this, it might be tempting to use our loop-free reduction again and then directly apply an existing
algorithm such as (Zimin and Neu, 2013). However, this again leads to a suboptimal bound with
dependence on H = O (Tinax). It turns out that this is significantly more challenging than other
bandit problems and requires a combination of various techniques, as described below.

Cr(s,a) = where N (s, a) is the number of visits to (s,a) and g is the occupancy

of the weighted variance 3 .y x(s, a)Ex [¢2(s,a)] = 2 (s,a)

Log-barrier regularizer Although the entropy regularizer is a classic choice for OMD to deal
with bandit problems, in recent years, a line of research discovers various advantages of using a
different regularizer called log-barrier (see e.g. (Foster et al., 2016; Agarwal et al., 2017; Wei and
Luo, 2018; Luo et al., 2018; Bubeck et al., 2019; Kottowski and Neu, 2019; Lee et al., 2020b)).
In our context, the log-barrier regularizer is —% Z(s?a) Ing(s,a), and it indeed leads to a smaller
stability term in terms of 3, a3 (s, a)E[ci(s,a)] = > (s,a) Bk [NZ(s,a)]ci(s,a) (note the extra
(s, a) factor compared to the case of entropy). This term is further bounded by Ej[(Ny, ¢)?],
which is exactly the variance of the learner’s actual cost considered in Section 3.2!

Loop-free reduction and skewed occupancy measure Based on the observation above, it is nat-
ural to apply the same ideas of loop-free reduction and skewed occupancy measure from Section 3.2
to deal with the stability term Ej[( N, ¢,)%]. However, some extra care is needed when using log-

barrier in the loop-free instance M. Indeed, directly using 1(¢) = —% 2 oh 2(s,0) mB(s,ah)
would lead to another term of order @(H SA/n) in the OMD analysis and ruin the bound. Instead,

11
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Algorithm 4 Log-barrier Policy Search for SSP
Input: Upper bound on expected hitting time 7" and horizon parameter H.

Parameters: 7 = \/%, A=8n,Hy =[4DIn %1, H=H,+ H,

Define: regularizer ¢)(¢) = —% Z(s a)er In ¢(s,a) where ¢(s,a) = 1, ¢(s,a,h)
Define: decision set @ = {¢ = ¢+ Ao q: g € A(T)} (with A(T) defined in Eq. (8))
Initialization: ¢1 = ¢1 + Ah o g1 = argmin,cq ¥(¢).
fork=1,..., K do

Execute o (7, ) where 7y, is such that 7 (a|(s, h)) o qk(s,a, h).

Construct cost estimator ¢ € RL such that ¢ (s,a) = W where Nj(s,a) =

>on Ni(s,a, ) and gy (s, a) = Y onak(s,a,h) (N}, is defined after Lemma 6).
Update ¢p11 = @r+1 + AR o g1 = argmingcq Z(s,a) ¢(s,a)ck(s, a) + Dy (9, r).

taking advantage of the fact that ¢y (s, a, h) is the same for a fixed (s, a) pair regardless of the value
of h,> we propose to perform OMD with ¢(s,a) = >, ¢(s,a, h) for all (s,a) € T as the vari-
ables, even though the skewed occupancy measure €2 is still defined in terms of ¢(s,a,h) as in
Algorithm 3. More specifically, this means that our regularizer is ¢ (¢) = —% > (s,0) 11 ¢(s,a),and
the cost estimator is ¢x(s,a) = % where Ny (s,a) = >on Ni(s,a,h) and qy(s,a) =
> n Qk(s,a, h). This completely avoids the factor H in the analysis (other than lower order terms).

With the ideas above, we can already show an optimal expected regret bound for an oblivious
adversary who selects ¢ independent of the learner’s randomness. We summarize the algorithm in
Algorithm 4 and its guarantee in the following theorem.

Theorem 9 IfT > T, + 1, Hi > 8ThaxIn K, and K > 64SAH?, then Algorithm 4 ensures
E[Rg] = O (\/ DTSAK) for an oblivious adversary.

Setting T' = T, + 1 leads to @(\/DT*S AK), which is optimal in light of the following lower
bound theorem (the adversary is indeed oblivious in the lower bound construction).

Theorem 10 For any D, T,,K,S > 4 with K > ST, and Ty, > D + 1, there exists an SSP
problem instance with S states and A = O(1) actions such that its diameter is D + 2, the optimal
policy has expecting hitting time T, + 1, and the expected regret of any learner after K episodes is
at least () (\/ DT, SAK ) under the bandit feedback and known transition setting.

To further obtain a high probability regret bound for general adaptive adversaries (thus also a
more general expected regret bound), it is important to analyze the the derivation between the opti-
mal policy’s estimated total loss ), (gz+, Cj) and its expectation ;. (¢z+, ;). Using Freedman’s
Ex[N2(s,a)]c? (s,a)

43 (s,0)
each (s, a), which is much more difficult than the aforementioned stability term due to the lack of

inequality, we need to carefully control the conditional variance Ej[c2 (s, a)] = for

3. This also explains why injecting the bias to the occupancy space instead of the cost vectors is important here, as
mentioned in the end of Section 3, since the latter makes the cost different for different h.

12
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the extra ¢; (s, a) factor. To address this, we first utilize the simpler form of Ej, [N 2 (s, a)] in the loop-

free setting and bound it by >, hqi(s, a, h) (see Lemma 19). Then, with px (s, a) = maxy, m

, we bound the key term in the derivation ) _, (gz+,cr — cx) by

and by (s, a) = SO0

K

K
Y aw(s,0) | prc(s,a) Y br(s,a) < 717<CI%*,PK> +0 ) (g i) s

(s,a) k=1 k=1

where gz« (s,a) = >, ¢z (8, a, h) and the last step is by AM-GM inequality (see Lemma 17 for
details). The last two terms above are then handled by the following two ideas respectively.

Increasing learning rate The first term % (gz+, px) appears in the work of (Lee et al., 2020a)
already for loop-free MDPs and can be canceled by a negative term introduced by an increasing
learning rate schedule. (See the last for loop of Algorithm 5 and Lemma 16.)

Injecting negative bias to the costs To handle the second term 7 Zk;K:1 (gz+, br,), note again that
its counterpart n Eszl (qr, by) is exactly n Zszl (qr, h o c), a term that can be canceled by the
skewed occupancy measure as discussed. Therefore, if we could inject another negative bias term
into the cost vectors, that is, replacing ¢ with ¢, — nbg, then this bias would cancel the term
n Zle (@z+, b) while introducing the term 7 Zszl (g, br) that could be further canceled by the
skewed occupancy measure. However, the issue is that b5 depends on the unknown true cost c;. We

address this by using by, instead which replaces c¢; with ¢, that is, /b\k(s, a) = 2 hq’“;;&j’s))g’“(s’a)

This leads to yet another derivation term between Zk and b;, that needs to be controlled in the
analysis. Fortunately, this term is of lower order compared to others since it is multiplied by 7 (see
Lemma 18). Note that at this point we have used both the positive bias from the skewed occupancy
measure space and the negative bias from the cost estimators, which we find intriguing.

Combining everything, our final algorithm is summarized in Algorithm 5 (see Appendix B due
to space limit). The following theorem shows that, with the knowledge of T, or a suitable upper
bound, our algorithm again achieves the optimal regret bound with high probability.

Theorem 11 [fT > T, + 1, Hy > 8Tyax In K, and K is large enough (K > SAH?In (%)), then
Algorithm 5 ensures R = O <\/DTSAK In (1/6)) with probability at least 1 — 6.

5. Conclusion

In this paper, we develop matching upper and lower bounds for the stochastic shortest path prob-
lem with adversarial costs and unknown transition, significantly improving previous results. Our
algorithms are built on top of a variety of techniques that might be of independent interest.

There are two key future directions. The first one is to develop parameter-free and optimal
algorithms without the knowledge of 7. We only achieve this in the full-information setting for
expected regret bounds. Indeed, generalizing our techniques that learn T, automatically to obtain
a high-probability bound in the full-information setting boils down to getting the same multi-scale
expert result with high probability, which is still open unfortunately (see also discussions in (Chen
etal., 2021, Section 5)). The difficulty lies in bounding the deviation between the learner’s expected
loss and the actual loss in terms of the loss of the unknown comparator. On the other hand, it is

13
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also difficult to generalize our technique to obtain an expected bound in the bandit setting (without
knowing T}), since this becomes a bandit-of-bandits type of framework and is known to suffer some
tuning issues; see for example (Foster et al., 2019, Appendix A.2).

The second future direction is to figure out the minimax regret of the more challenging setting
where the transition is unknown. We note that our loop-free reduction is readily to be applied to this
case, but due to some technical challenges, it is highly unclear how to avoid having the dependence
on Tihax in the regret bounds. A follow-up work by the first two authors (Chen and Luo, 2021)
makes some progress in this direction, but the minimax regret remains unknown in this case.
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Appendix A. Omitted details for Section 3

In this section, we provide all proofs for Section 3.

A.1. Proof of Lemma 1
Proof By standard OMD analysis (see for example Eq. (12) of (Rosenberg and Mansour, 2020)),
for any ¢ € A(T') we have:

K K

(ak — ¢y cr) < Dyla, @) + > {ak — Gy ) s A3)
k=1 k=1

where g, = argmingcgr (g, cx) + Dy (g, qx), or equivalently, with the particular choice of the
regularizer, q;_ (s, a) = qx(s, a)e1%(5:9)  Applying the inequality 1 — e~® < x, we obtain
K K K

(@ = Gy ey <0 DY arls,a)ci(s,a) <0 > (qrs o) -
k k=1 (s,a) k=1

Substituting this back into Eq. (3), choosing ¢ = ¢+ (recall the condition g« € A(T) of the
lemma), and rearranging, we arrive at

=1

K

K
1
(@ — @res ck) < - (Dw((br*a @) + 772 (G Ck:>>

k=1 k=1

K

< 2Dy (gre, 1) + 20 (gres k) - )
k=1

It remains to bound the last two terms. For the first one, since ¢; minimizes 1) over A(T"), we have
(V(q1), gz — q1) > 0, and thus

1 1
Dy(ars @) < ¥(ge) = (@) = > tre(s,0) Ingge(s,0) — ; > ai(s,a)ngi(s, a)
(s,a) (s,a)

*qu*salnT— ZQISGI (hsa)

(s,a)
. Tln(T) . TIn(SA)  TIn(SAT)
- no no

For the second one, we use the fact Zszl (Gnr, cr) < Zszl (g1 cx) < DK. Put together, this
implies

| /\

9T In(SAT
) < ZEWSAT) o ke,
n

Mw

k:l

ThlSAT

With the optimal 7 = min {% } we have thus shown

K

=E Z<ka_%r*7ck

k=1

— 0 (VDTKIn(SAT) + TIn(SAT)) = O (VDTK ),
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completing the proof. |

A.2. Proof of Theorem 2

Proof First, note that the value of jg is such that the smallest parameter b(1) is larger than ' (so)
and thus A(b( /)) is non-empty for all j € [N], making all IV instances of Algorithm 1 well-defined.
Next, let j* be the index of the instance with size parameter closest to the unknown parameter 7,
that is, ( )<t < b(j*). Such j* must exist since b(N) > K and we only need to consider the
case T, S K (otherwise the claimed regret bound is vacuous). Now we decompose the regret as
two parts, the regret of the meta algorithm to instance j*, and the regret of instance j* to the best
policy:

[k N ' K
E[Rk] = |> > pilj) <in Ck> =D {4 x)

| k=1 j=1 k=1
[k N } ‘ L

—E |5 nel) (dhoer) — (o) + B D (df - qw*’0k>]
k=1 j=1 —
:K ! K A

=E (pr —ej=, lg) | +E Z <q{ = Q> ck>] )
Lk=1 k=1

where e« € 0 is the basis vector with the j*-th coordinate being 1. By the regret guarantee of
Algorithm 1 (Lemma 1), the second term above is bounded by O(,/Db(j*)K) = O(v/ DT, K),
which also means

K K
E ZW*)] <E [Z (grercx) | + O(V/DTLK)
k=1 k=1
K
<E [Z <QTrfvck’> + @( V DT*K)
k=1
< DK + O(\/DT.K).

Using Lemma 12, the first term is bounded as

Z PE — ej*,fk
k=

(1
=0 <m +1j-b(j")E

J

£

k=1
~ (1
=0 (7] + ’I’]]*DT K + T]]*T*\/ DT*K>
3*
~ (1
=0 ( i« DT K ) .
j*
Finally plugging in the definition of 7;+ finishes the proof. |
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The lemma below is an improved guarantee for the multi-scale expert problem, which might be
of independent interest.

Lemma 12 For any j* € [N], Algorithm 2 ensures

2+ln<N b(J)) K

b(1)
(pk — €5, L) = :
1 M k=1

M=

b
Il

Proof Similar to Eq. (3), by standard OMD analysis (see also (Bubeck et al., 2017, Lemma 6)) we
have:

K K
>k — ejr, b+ ar) < Dyleje,pr) + > (e — Phras b + ar) ()
k=1 k=1

where p),_;(j) = pr(j)e " E@+a()) Using the inequality 1 — e~ < x and the fact ay(j) <
An;b(5) e (5) < L(j) (since £ (5) < 3 (5 0y T (s, a) < (j) and n; < 4b(] ), we obtain

(Dk = Phr1> L + an) Zmpk 7) + ar(j) <4Zmpk ) (5) = (pr ar) -
7j=1

Plugging this back into Eq. (5) and rearranging leads to

K K K
(pr — €50, lr) < Dy(eje,p1) + Y ar(5*) = Dy(eje, p1) +4nx > LG (57)
k=1 k=1 k=1

K
< Dy(eje,p1) +4nj-b(7*) D b (5*).
k=1

It remains to bound Dy (e, p1), which by definition is

N . N .
> (rom LT - m) < St S U

= p1(4) n il

Using the definition of p;, when j* # 1 we have

Ly, ! 11n<Nm):1 n (V7).

In—r= =
nix - pi(g*)  my nj* nj*

when j* = 1, the same holds as an upper bound since p; (1) > 1/N. Finally, the second term can

be bounded as
N
Z b1 (J)
J=1 J#1

which finishes the proof. |

2 2
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A.3. Proof of Theorem 3

Proof By Yao’s minimax principle, in order to obtain a regret lower bound, it suffices to show that
there exists a distribution of SSP instances that forces any deterministic learner to suffer a regret
bound of €2 (\/DT*K ) in expectation. Below we describe such a distribution (the MDP is fixed but
the costs are stochastic).

e The state space is S = {sg, s1,...,5n, f} forany N > 2.

e At state sg, there are N available actions a1, ..., an; at each state of sq,..., sy, there are
two available actions a4 and ay; and at state f, there is only one action a.

e At state sg, taking action a; transits to state s; deterministically for all j € [IN]. At any state
s; (j € [N]), taking action ay transits to state f deterministically, while taking action a,
transits to the goal state g with probability 1/7} and stays at the same state with probability
1 —1/T. Finally, at state f, taking action a4 transits to the goal state g with probability 1/D
and stays with probability 1 — 1/D.

e The cost at state sg is always zero, that is, cx(sg,a) = 0 for all k£ and a; the cost of action
ay is also always zero, that is, cx(s,ay) = O for all k and s € {s1,...,sy}; the cost at
state f is always one, that is, cx(f, ag) = 1 for all k; finally, the cost of taking action a, at
state s € {s1,...,Sn} is generated stochastically as follows: first, a good state j* € [N] is
sampled uniformly at random ahead of time and then fixed throughout the K episodes; then,
in each episode k, ci (s, ag) is an independent sample of Bemoulli(%) if s = s;+, and an
independent sample of Bernoulli(% +€) if s # s+, for some € < % to be specified later.

It is clear that in all these SSP instances, the diameter is D + 2 (since one can reach the goal
state via the fast state f within at most D + 2 steps in expectation), and the hitting time of the
optimal policy is indeed T + 1 (in fact, the hitting time of any stationary deterministic policy is
either T, + 1 or D +2 < T, + 1). It remains to argue E[Rg| = Q (v/ DT, K) for any deterministic
learner, where the expectation is over the randomness of the costs. To do so, let E; denote the
conditional expectation given that the good state j* is j. Then we have

1 N K Ig ‘ ' K
IE[RK]:NZ<E]- > ) crlsp,af) —  min ZJ;;(SO)D

=1 k=1 i=1 m€llproper | 7
LN r K o K
>33 ( >3 eulshal) - ZJWD |
=1 =1 i=1 k=1

where 7; is the policy that picks action a; at state so and a, at state s; (other states are irrelevant).
Note that it takes T} steps in expectation for 7; to reach g from s; and each step incur expected cost
D D

37> Which means E; [J07 (s0)] = % x T, = 7. On the other hand, the learner is always better

off not visiting f at all, since starting from state f, the expected cost before reaching g is D, while
the expected cost of reaching the goal state via any other states is at most <% + (—:) x T, < D.
Therefore, depending on whether the learner selects the good action a = or not at the first step, we

further lower bound the expected regret as

1 ZN ZK D D Te ZN
*
E[RK} 2 N e ]E] |:2 + T*G]I{Clllc ?é CL]} — 2:| = T*KG — W Pt E] [Kj},
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where K; = .0 T{a} = a;}.
It thus suffices to upper bound Z;V: 1 E;[K]. To do so, consider a reference environment with-

out a good state, that is, c,(s, a,) is an independent sample of Bernoulli(% + ¢€) for all £ and all
s € {s1,...,sn}. Denote by [Ey the expectation with respect to this reference environment, and by
Py the distribution of the learner’s observation in this environment (P; is defined similarly). Then
with the fact K; < K and Pinsker’s inequality, we have

Ej[K;] — Eo[K;] < K|[Pj — Polly < K/ 2KL(Fy, P;).

By the divergence decomposition lemma (see e.g. (Lattimore and Szepesvari, 2020, Lemma 15.1))
and the nature of the full-information setting, we further have

D D
L(Py, P; Z Eo[K ;] x KL <Bernoulli <2T* + e) . Bernoulli <2T*>>

D D
= K x KL (Bernoulli < ST, + 6> , Bernoulli <2T*>)

< Ké?
~all-a)’
where the last step is by (Gerchinovitz and Lattimore, 2016, Lemma 6) with a = 2T Therefore,
we have
N N
2Ke? 2Ke?
> E| Z ]+ NK ‘ + NEy | ———.
= = a(l—a) a(l —a)

This is enough to show the claimed lower bound:

N
Tye
E[Rk] >T6K—WZEJ

T.e 2K e?
> T, K—— K+ NK
= e N + \/ a(l—a]
1 2K
—TeK [1- = —
*€ N € a(l—a)]
1 2K
>TeK |- —
=g e oz(l—a)]
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A.4. Proof of Lemma 4

Proof With the inequality (ZZ La;)? <2y, ai(3F_ay), we proceed as

2
E Z Ni(s,a)ck(s,a)

(s,a)
2

Iy,
=E Z Z I{s}, = s,a;, = a}cp(s,a)
=1 (s,a)

<2E ZZH{Sk_S al = a} Z Z]I{sk—s ay = d'}ep(s',a')

i'=i (s',a’)

=2E ZZH{sk—s}E ZZH{Sk—s ah = a'Yep(s'd)| st = s

z 1 seS i'=i (
- I
=2E Z z:]l{s}C = s}Ji(s)
Li=1 s&€S
=2 qx(8) T (5) = 2 (gm, JF)
seS

completing the proof.

A.5. Proof of Lemma 6

Proof Applying Lemma 4 (to the loop-free instance), we have
~ 2
E [<N,€,ck> ] <2 gz(3)J(3) = 22 > az(s.h) I (s, h).

ses h=1seS5U{ss}

Denote gz, (5 1) as the occupancy measure of policy 7 with initial state (s, h), so that

TE(sch) = Y el W )e(s' ' W),

(8’,a’)6f h'>h

Then we continue with the following equalities:

Z Z (s, h)JF (s, h)

h=1seSU{ss}

H
= Z Z Q%(Sv h) Z Z d% (s,h) (8/7 a,> h,)Ck(S/, a/¢ h/)

h=1seSU{ss} (s',a’)eT ' Zh
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Z Z Q%(S, h)q%,(s,h) (8/7 CL,7 h,) Ck(5/7 CL/, h/)

(s',a’)eT W' =h \seSU{ss}

= Z Z h-qz(s,a,h)ci(s,a,h) = (gz,hocg) . (6)

where in the third line we use the equality ZseSu{sf} 4z(5,R) gz (s 0y (s, ' W) = qz(s',d', 1)
by definition (since both sides are the probability of visiting (s’, a’, h")). This completes the proof. B

A.6. Proof of Lemma 7

Proof We first prove the second statement E[Ry] < E[REG] 4+ O (1). Since the fast policy reaches
the goal state within D steps in expectation starting from any state, by the definition of o(7) and

M, we have Jy o( )(so) < JI(30) for or any 7, that is, the expected cost of executing o (7) in M is not
larger than that of executing 7 in M. On the other hand, since the probablhty of not reaching the

_Hy
goal state within H; steps when executing 7* is at most: 2e Tmax < % by Lemma 13 and the

choice of Hj, the expected cost of 7* in M and the expected cost of 7* in M is very similar:

Fr o~ * 2H * ~ ].
Jk (SO)SJ[;; (SO)+722:JI§ (SO)+O<K> (7)

This proves the second statement:

K
=E Z T (s0) — JF (s0)

ZJ 80 ( )

To prove the first statement, we apply Lemma 13 again to show that for each episode &, the proba-

+0O(1) =E[REG] + O (1).

H.
bility of the learner not reaching g within H steps is at most 2¢” 1D = %. With a union bound, this
means, with probability at least 1 — g, the learner reaches the goal within H steps for all episodes
and thus her actual loss in M is not larger than that in M: Ele (Ng, c) < Zszl <]\~fk,, ck>.
Together with Eq. (7), this shows

M=

<Nk — q,~r*,ck> + @(1)

k=1
It thus remains to bound the deviation Zle <]\~fk — qk, ck>, which is the sum of a martingale

difference sequence. We apply Freedman’s inequality Lemma 21 directly: the variable <N ks ck>
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is bounded by H always, and its conditional variance is bounded by 2 (gx, h o ¢) as shown in
Lemma 6, which means for any A € (0,2/H],

K K
Z<]\7k —Qk,6k> <A {gwhoc) + 21nA(2/5)
k=1 k=1

holds with probability at least 1 — %. Applying another union bound finishes the proof. |

Lemma 13 (Rosenberg and Mansour, 2020, Lemma E.1) Let 7 be a policy with expected hitting
time at most T starting from any state. Then, the probability that T takes more than m steps to reach
the goal state is at most 2e” 7.

A.7. Proof of Theorem 8§

For completeness, we first spell out the definition of &(T), which is the exact counterpart of A(T)

defined in Eq. (2) for M (the first equality below), but can be simplified using the special structure
of P (the second equality below).

A(T) = {qEOlFX[H] >N alsah) T,

h=1 (s,a)el’
H
> alsah)= > > P((s,h)|(s,B),d)q(s',a',h) = T{(s, h) = 5o}, V(s, h)eS}
aG./Z(é R) h'=1 (S’7 )EF
{qe OlFX[H] Z Z (s,a,h) <T, Z q(s0,a,1) =1,
h=1(s,a)el’ acAs,

q(s,a,1) =0, Vs # spand a € As, q(s,a,h) =0, VY(s,a) € I"'and h > Hy,
q(8f7af?h> :]I{h>H1} Z Q(S,aa,7H1)7
(s',a’)eT
Z q(s,a,h) = Z P(s|s’,a’)q(s',a',h — 1), ¥s € Sand 1 < h < Hl.} (8)

acAs (s',a’)el

Note that gz« belongs to A(T, + 1) as shown in the following lemma.

Lemma 14 The policy 7* satisfies T™ (30) = Y1, > (s.a)ei G+ (s,a,h) < T, + 1 and thus
g € AT, +1).

Proof This is a direct application of the fact 7™ (so) = T and Lemma 13: the probability of not

H
reaching the goal state within H; steps when executing 7* is at most: ¢ TTmax < % Therefore,
T (50) < T™ (s 0) + % 2H2 < T, + 1, finishing the proof. [

We also need the following lemma.
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Lemma 15 The policy T satisfies Zszl (gz«,hocy) = O (DT.K).

Proof We proceed as follows:

K H _
<Q%*7hock> :ZZ Z Q%*(&h)‘]g*(svh)
e

K

k=1

< O(DT,K),

where the first line is by Eq. (6), the fourth line is by the same reasoning of Eq. (7), and the last line
is by Lemma 14. |

We are now ready to prove Theorem 8.
Proof Define ¢* = ¢z« + Ah o ¢z~. which belongs to the set €2 by Lemma 14 and the condition
T > T, + 1. By the exact same reasoning of Eq. (4) in the proof of Lemma 1, OMD ensures

K

K
(O — 8% ck) < 2Dy(0%, ¢1) + 20 (6%, cx) -
k=1

k=1

The last two terms can also be bounded in a similar way as in the proof of Lemma 1: for the
first term, since ¢ minimizes v over (2, we have (Vi)(¢1),¢* — ¢1) > 0, and thus with the fact
S > (s,a) @(s,a,h) <T + AHT < 2T for any ¢ € () we obtain

Dw(fﬁ* ¢1) < Y(9") —¥(e1)

:—ZZQ& (s,a,h)In¢*(s,a,h) —Ezzmsah In¢i(s,a,h)

h=1 (s,a)

< 2T1n(2T QTZZ qﬁl s, a, h 1 o1(s,a,h)

n ety 2T
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2T n(2T) | 2T In(|T|H)

n n
_0 <T1n(SAHT)> ;
n
for the second term, we have
K K K
(frercn) <2 (gz cn) <2 JF (s0) + O (1)
k=1 k=1 k=1

where the second inequality is by Eq. (7). Combining the above and plugging the choice of 1, we
arrive at

K
TIn(SAHT ~ ~
S (- e <O <n(n)) + DK +0(1) =0 (\/DTK) .
k=1
Finally, we apply Lemma 7: with probability at least 1 — 9,
K K
21n (2/s ~
Ri <) gk — gaerce) + A {aw hock) + )(\/) +0(1)
k=1 k=1
K K
N 21In(2/s ~
= (or — " ) +)\Z<%*7h06k>+){\/)+0(1)
k=1 k=1
- \ K hooy s 2 (o)
=0 (VDTK) + ; N R
- - 21n (2
o) ( DTK) + O (A\DTK) + HAW) (Lemma 15)
=0 ( DTK In (1/5)> , (by the choice of )
which finishes the proof. |

Appendix B. Omitted details for Section 4

In this section, we provide all omitted algorithms and proofs for Section 4.

B.1. Optimal Expected Regret
Proof [of Theorem 9] Using the second statement of Lemma 7, we have

K

E[RK] = <qk—q7~7*,6k> +O(1)

k=1
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As in all analysis for OMD with log-barrier regularizer, we consider a slightly perturbed benchmark
q* = (1 — 7=)gz+ + 7=q1 which is in A(T) by the convexity of A(T), the condition T > T, + 1,
and Lemma 14. We then have

K
Z Gk — q" c)
K
Z G — ¢ ck)

+O(1)

1 K
+ TK — 1E [Z <CI17€k>

k=1

+0(1).

It remains to bound E [fozl (qr — q7, ck>} . Let ¢* = ¢*+ Ahog* € . By the non-negativity and
the unbiasedness of the cost estimator, the obliviousness of the adversary, and the same argument
of (Agarwal et al., 2017, Lemma 12), OMD with log-barrier regularizer ensures

K K
E [Z (o — 9%, ck>] =E [Z (P — ", k)

k=1 k=1

K
< Dy(¢* d1) +1E | D> ¢i(s, a)ci(s, a)

k=1 (s,a)

For the first term, as ¢; minimizes 1), we have (Vi)(¢$1), o* — ¢1) > 0 and thus

< S S o ()

For the second term, we note that

Z Pr(s,a)Ca(s,a)| <4E Zqi(s,a)’c%(s,a) =4E Zﬁ,?(s,a)ci(s,a)
(s,a) (s,a)

< |[(Fa) | < sEllmhoal],

where the last step is by Lemma 6. Combining everything, we have shown

~ (SA
Z¢k’_¢>ck :0< >+877E Zkah’ockla
k= k
and thus
K K K K
E > {o—a"c)| =E > (dr— o) | +AE |} (a" hocy) —AE[Z qk,hocm]
k=1 k=1 k=1 k=1
~ [ SA
=0 <S> 8nE | p (¢",hock) (\ = 8n)
" =1
~ (SA
= <S +nDTK | . (Lemma 15)
Ui
Plugging the choice of 7 finishes the proof. |
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B.2. Proof of Theorem 10

Proof By Yao’s minimax principle, in order to obtain a regret lower bound, it suffices to show that
there exists a distribution of SSP instances that forces any deterministic learner to suffer a regret
bound of €2 (\/ DI, SAK ) in expectation. We use the exact same construction as in Theorem 3
with N = S — 2 (note that the average number of actions A is O(1)). The proof is the same up to
the point where we show

N
Tye
E[Rk] > T Ke — ﬁZEj[Kj],

with K; = Y1 T{a} = a;}, and

E;[Kj] — Eo[K;] < K[|P; — Polln < K/2KL(F, Pj).

What is different is the usage of the divergence decomposition lemma (see e.g. (Lattimore and
Szepesvdri, 2020, Lemma 15.1)) due to the different observation model:

D D
L(Py, P; Z Eo[K;/] x KL <Bern0ulli <2T* + e> , Bernoulli <2T* +el{j # j}>)

D D
= Eo[Kj] x KL <Bern0ulli <2T* + c‘> , Bernoulli <2T*>>

Eo[K]€
“a(l-a)

where the last step is again by (Gerchinovitz and Lattimore, 2016, Lemma 6) with o = %. There-

fore, we can upper bound Z E;[Kj] as:

€2

= jz]:: 1_0‘121:2 it
i

—

INe? X
< |+ K E (Cauchy-Schwarz inequality)
1 —a) st
2NK62 N
= 1 —a) (Z]’:1 EO[KJ] = K)

This shows the following lower bound:
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1 —a)
S Tk 1 2K
2 (1
a(l —
) _q ( DT.N K) 0 (\/DT*SAK> :
where in the last step we set € = 1 ) < % ﬁ%

B.3. Optimal High-probability Regret

We present our algorithm with optimal high-probability regret in Algorithm 5. The key difference
compared to Algorithm 4 is the use of the extra bias term Ek in the OMD update and the time-
varying individual learning 7 (s, a) for each state-action pair together with an increasing learning
rate schedule (see the last for loop). Note that, similar to (Lee et al., 2020a), the decision set {2
has the extra constraint ¢(s,a) > ﬁ compared to Algorithm 3 and Algorithm 4, and it is always
non-empty as long as K is large enough and every state is reachable within H steps starting from
so (states not satisfying this can simply be removed without affecting M ).

Below we present the proof of Theorem 11. It decomposes the regret into several terms, each
of which is bounded by a lemma included after the proof.

Proof [of Theorem 11] We apply the first statement of Lemma 7: with probability 1 — 4,
K ~ ~
Rg <) <Nk - Q%*ack> +0(1).
k=1

Similar to the proof of Theorem 9, we define a slightly perturbed benchmark ¢* = (1 — ﬁ)q%* +
—=qo € A(T) for some gy € A(T) with go(s, a) > % for all (s,a) € T" (which again exists as
long as K is large enough), so that Ry < ZkK 1 <J\~7k —q~, ck> + @( ) still holds. Also define
¢* = ¢*+ \hog* € Qand by, € RT such that bp(s,a) = 2 hai(sa.h)er(s.a) | opich clearly satisfies

qar(s,a)
Ex[bs] = br. We then decompose K < Ny, — q*, ck>

M=

<Nk - q*> Ck>

e
Il

K
(qk: k) — > (q" cn) (N, cx) = (qr: k)
k=1

M T

K K
(b — ")+ D (05— k) + A _(hog*,ck) = XD (hoqr)

W‘
—_
W‘
—_
;HT.
—_
ﬁ.
—_
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Algorithm 5 Log-barrier Policy Search for SSP (High Probability)
Input: Upper bound on expected hitting time 7', horizon parameter H;, and confidence level §
Parameters: H, = [4DInf], H = Hy + Hy, C = [logy(TK*)][logy(T?K%)],8 =

2
ey = /S = 1oon1nK(1+c,/81nCSA> X = 401 + 2v.

Define: regularizer ¢y (¢) = Z(S o)eF nk(s 2y In ¢(S oy Where o(s, ) S (s, a,h)
Define: decision set Q = {¢ = ¢+ M oq:qc A(T), q(s,a) > 71, V(s,a) € r}

Initialization: ¢1 = ¢1 + Ah o ¢ = argmincq ¥1(9).

Initialization: for all (s,a) € T', 0 (s, a) = 1, p1(s,a) = 2T.
fork=1,..., K do

Execute o (7y,) where 7y, is such that 7 (a|(s, h)) x qk(s,a, h).

N (s,a)c(s,a)
- qk (S’a)
don Ni(s,a, h) and qk(s a) =3 qk(s a, h) (Ny is defined after Lemma 6).
Construct bias term by, € R, such that bi(s,a) = 2 hqkq(:(z Z)) % (50),

Update

Construct cost estimator ¢, € RL, such that ¢y(s,a) = where Nj(s,a) =

Okt1 = Q1 + AR o gy = arfngm E é(s,a (Ck(s a) — ’ng(saa)) + Dy, (¢, dx)-
S
(s,a)

EFdo

for
{ ¢k+1 Sa y > pk(s a) then

,Ok+1 S, CL m 77k:+1(57a) = Bnk(s,a)-
else
L prri(s,a) = pi(s, a), nkr1(s, a) = ni(s, a).

K K
(dp — Y+ > (05 —cr) + O(ADTK) =AY (hog,c)  (Lemma 15)
k=1 k=1

M T

(60— 6°,24) + ONDTE) + D1 + Diva ~ X" (h o gusce)

k=1 k=1
(define DEV; = ZkK 1 <¢*,Ek — Ck> and DEV, = )\Zi{ 1 <h O Qk,Ck — Ek>)
—REG¢—|—(9()\DTK)—|—DEV1+DEV2—{—VZ<¢/€— > )\Z h o q,c)

)
(deﬁne REG¢ = Ek:1<¢k — d) ,Ck — ’ybk>)
= REG, + O (ADTK) + DEV; + DEVy + DEV3 + DEV,

K K
+ Y ok — 0 br) = A  (hogy,cr)
k=1 k=1

(deﬁne DEV3 = Z§:1<¢k7/b\k — bk> and DEV4 = Z§:1<¢*, bk — €k>)
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< REGy + O (ADTK) + DEV; + DEVy + DEV3 + DEVy4

K K K
29> ghobr) =7 D (05 bk) — AD (ho g, i)
=1 =1 =1
= REG4 + O (ADTK) + DEV; + DEV; + DEV3 + DEV,

K K
+ (27 =N gk hock) =7 > (6% bi)
k=1

=1
((qr, br) = (qr, h o ck))

The REG4 term can be upper bounded by the OMD analysis (see Lemma 16), and the four
deviation terms DEV;, DEVy, DEVs, and DEV4 are all sums of martingale difference sequences
and can be bounded using Azuma’s or Freedman’s inequality (see Lemma 17 and Lemma 18).
Combining everything, we obtain

S (SA\ (¢ px) S -
< —_— ) -5 44 DTK
RK_O<77> 7077111K+ 077;<Qk,h00k>+0()\ )

- <1+c 81n <C‘§A>> <<¢*7’7,pK> +n/<¢*,§:bk>> + <4CHln <C‘§A>> (6%, pc)
k=1

K
+ (27 =N (g hock) —v
k=1

<¢*7 bk>

Mx

i

1

<¢*710K>

B 14+ C,/8In (€34
:(’)(SAJr)\DTK) 55 )+4CH111<CSA>— 1

U] ! ) 70nIn K

K K
+ (40n + 2y — /\)Z<Qk,hock) + <<1 +C4/8In (CiA)> n —fy) Z(qﬁ*,bk).
k=1 k=1

Finally, note that 77 > 0 from Lemma 17 and Lemma 18 can be chosen arbitrarily. Setting

2
n =~/ (1 + C4/8In (C;?A)) and plugging the choice of v = 1000 In K (1 + C4/81In CSA)

and A = 40n + 27, one can see that the coefficients multiplying the last three terms (¢*, px ),
Zszl (qk, h o ci), and Zszl (¢*, by,) are all non-positive. Therefore, we arrive at

Ry =0 (SUA +7nDTK In (1/5)> =0 (\/DTSAK In (1/6)) ,

where the last step is by the choice of 7. |

Lemma 16 Algorithm 5 ensures with probability at least 1 — 6:

~ (SA (9%, pK) & = 1r2
< R _—_-— 1 .
REG, < O ( p ) wonin & 40 ?:1: (ar, hocy) + O (H VSAln ( /5))
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Proof Denote by n(s,a) the number of times the learning rate for (s,a) increases, such that
nx(s,a) = nB™>% and by ki,..., Kn(s,a) the episodes where 7x(s, a) is increased, such that
77kt+1(37 a) = 5 My (37 a)' Since 01(57 CL) = 2T and
1 1
<
¢kn(s,a)+1 (87 a) qkn(&’a)ﬁ*l(s') CL)

pl(s’a)2n(87a)_1 S e S pkn(s,a) (S,CL) S S TK4,

Tlogg K

we have n(s,a) <1+ log2 < 7log, K. Therefore, i (s,a) < ne 7wk < bn.
Now, notice that

YH >, qi(s, a, h)cx(s, a)

b s,a) <
K k( ) Qk(sva)

= ’Y-H/C\k(sv a’) < /C\]g(S, CL)-

This means that the cost ¢ — v/l;k we feed to OMD is always non-negative, and thus by the same
argument of (Agarwal et al., 2017, Lemma 12), we have

REG,4 = i <¢k — ¢, — 73k>

k=1

K
(6% 08) = Dy (6% drin) + D D> mi(s, a)$i (s, a) (@ (s, @) — vbe(s, )’

k=1 k=1 (s,a)

Dﬂx

=

K
< D1ZJ1 (¢*7 ¢1) + (Dwk+1 (¢*7 ¢k+1) - Dwk(¢*a ¢k+1)) + 5772 Z (b%:(sv CL)/C%(Sv a’)

k=1 (s,a)

e
Il
—_

=

K
< Dy, (6%, 61) + > (D (8%, Grs1) — Dy (0%, dr41)) +200 ) D~ g (s,a)Ei (s, a)

k=1 (s,a)

e
Il
—_

=

K
= D¢1 (¢*7 ¢1) + (Dwk+1 (¢*7 ¢k+1) - Dwk(¢*a ¢k+1)) + 20772 Z Ni?(&a)cz(&a)-

k=1 (s,a)

e
Il
—_

For the first term, since ¢ minimizes )1 and thus (V1 (¢1), * — ¢1) > 0, we have

H ~ ([ SA
D¢1(¢*7¢1) < @le(ﬁi)*) 1/’1 ¢1 Z ¢1 % Z) = 1 ZIDC]*?SCL) O ( > .
7 (sa) ’ g

For the second term, we define x(y) = y — 1 — In y and proceed similarly to (Agarwal et al., 2017):

K-1

ZDWH ¢*, drr1) — Dy, (6", rs1)

B I ¢*(s, a)

- kZ:l Z (nk+1(5,a) nk(s,a)> X <¢ks+1(5aa)>
1-3 ¢*(s,a)

< Z nﬁn(s,a)x ( )

Dhipsay+1(8, @)
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- o'(s0) 4 Flsa)

Z nﬁn s,a) <¢kn<s,a>+1(3’ a) boin ¢kn(s,a)+l(3a G))

1 « pK(S,a) ¢*(57a)
—Wz<¢ (S,(I) 2 —1—111)

(s,a) qbkn(s a)+1(57 a)

35n1n K TOnln K n ) 70m ln K’

where in the last two lines we use the facts 1 — 5 < — ﬂnK,ﬁ" $0) < 5, pr(s,a) = m,

andln —LY < In(HTKY) < 6ln K.

Ak, (5 0y +1(8:0)

~ ~ 2
Finally, for the third term, since }_ . N(s,a)ci(s,a) < (Z(S o) Nk(s,a)) < H2, we
apply Azuma’s inequality (Lemma 20) and obtain, with probability at least 1 — J:

K K
N> Y Ni(sa)k(s.a) <0 Ex | Y- NE(s,a)k(s,0)| +O (nH2/KIn (1))
k=1 (s,a) k=1 (s,a)
K

<n Ek [<Nk70k>2] +0 (H2\/57A1n (1/5))

k=

K
Z gk, hock) + @) (HQ\/ Aln (1/6)) (Lemma 6)
Combining everything shows

S (SA\ (% px) . S (ST (1

finishing the proof. n

Lemma 17 For any ' > 0, with probability at least 1 — 6,

DEV; < C4/81In (C‘(?A) <<¢ ;7PK ’< Zbk>> <4CH1n (C‘(?A» (0", pKc) -

Also, with probability at least 1 — 6, DEVy = O <H2 vVSAln (1/5)) .

Proof Define Xj(s,a) = ¢;(s,a) — ci(s,a). Note that

H 2H
Xi(s,a) < < < 2Hpy(s,a) < AHTK*,
K(s,a) < ar(s,a) = ¢r(s,a) ~ prls,a)
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and

Eg [NQ(S a)ci(s, a)}
qk s, a)

K B [N (5, 0)ch(s,0)]

< 24 (s,

= “%2 (5.0
K

= 4pi(s,a) Zbk(s, a). (Lemma 19)
k=1

Therefore, by applying a strengthened Freedman’s inequality (Lemma 22) with b = 4HT K*, By, =
2H py(s,a), maxy By = 2Hpg (s,a), and V = 4pg(s, a) Zszl bx (s, a), we have with probability
1—-0/(SA),

K
Z/C\k(sa a) - Ck:(5> (I)
k=1

CSA CSA
<
<C 32pK(s,a) kgl bi(s,a)ln < 5 ) +4Hpk(s,a)ln ( 5 >
CSA pK(s,a) K CSA
<c 81n< : ) ( : +n’k§:1jbk< W) ) +4CHpg (s, (1),

where the last step is by AM-GM inequality. Further using a union bound shows that the above
holds for all (s,a) € I" with probability 1 — § and thus

M=

DEv; =

<¢*7 Ek - Ck>

k=1

<C,/8In <C§A> <<¢*;7,pK> + 1’ <¢§:bk>) (4CH111 <C§A>) (9%, prc) -
k=1

To bound DEVs, simply note that |(h o qx,cp — k)| < 2H? and apply Azuma’s inequality
(Lemma 20): with probability 1 — 6,

K
DEV2 =AY (hogcp — &) = O </\H2 Kn (1/5)) —0 (HQ\/SA In (1/5)> .
k=1
This completes the proof. |

Lemma 18 With probability at least 1 — 8, we have DEVs = O <H2 VSAln (1/6)>. Also, for any
1’ > 0, with probability at least 1 — 6, we have

DEV, < {¢” ;7”K <¢ Zbk> +0(1
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Proof To bound DEV3, simply note that

(005 — )| < AH (@) < 47 | 3 Nils, ) | < am?
(s2)

and apply Azuma’s inequality: with probability 1 — ¢,

DEvy =3 (60,5~ ) = O (w2 KT ) = 0 (VS ()

k=1

To bound DEV,4 = ~ Zszl <<b*, by, — Ek> we note that by (s, a) —/b\k(s, a) < bg(s,a) < H, and

IN

Ey [bk(s, a) — ?)\k(s, a)} ’

E []V,?(s, a)cz(s, a)}

qk(sva)
< 4H?pk (s,a)bi(s,a). (Lemma 19)

< 2H?pg (s, a)

Hence, applying a strengthened Freedman’s inequality (Lemma 22) with b = B; = H, V =
4H?pk (s, ) Zszl bi(s,a), and C’ = [logy, H][logy(H2K)], we have with probability at least
1-0/(SA),

K ~
Z bk(sa CL) - bk)(sv a)
k=1

K
'SA 'SA
§20’H“1n<cf ) 8,0K(s,a)§ bk(s,a)—i—QC'Hln(Cf )
k=1

! !
— 2C'H, /In (CSA) <2”K(f’“) +77,Zbk;(8,a)> +2C'HIn (CSA> ,
n - 4

J

where the last step is by AM-GM inequality. Finally, applying a union bound shows that the above
holds for all (s,a) € I with probability at least 1 — ¢ and thus

u S\ _ (0t 0x) - 5
DEVy =~ E <¢*7bk - bk> < ;]f)K + 1’ <¢*, E bk> +0(1),
k=1 k=1

where we bound yC'H 4 /In (O&ﬂ) by a constant since 7 is of order 1/v/K and is small enough
when K is large. |
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Lemma 19 For any episode k and (s, a) € I': By, [ka(s,a)%k(s, a)ﬂ < 2qi (s, a)bg (s, a).

Proof The proof is similar to those of Lemma 4 and uses (21:1 a;)? <2 > ai(z.l_. ar):

E; [ka(s,a)%k(s a 2} <E. (ZNk s, a h) ck(s,a)

H H
< 2E, (ZNk(s,a,h)) ZNk(s,a,h')ck(s,a)

h=1 W>h

[(H H
< 2Ej Z Z Ni(s,a, h)eg(s, a) (Ni(s,a,h) € {0,1})

h=1h'>h

H H
= 22 Z qr(s,a, h)ex(s, a)

where the last step is by the definition of by. |

Appendix C. Concentration Inequalities

Lemma 20 (Azuma’s inequality) Let X ., be a martingale difference sequence and | X;| < B holds
fori=1,... nand some fixed B > 0. Then, with probability at least 1 — §:

" 2
ZXZ» < B,/2n1n5.

i=1
Lemma 21 (A version of Freedman’s inequality from (Beygelzimer et al., 2011)) Let X1., be a

martingale difference sequence and X; < B holds fori = 1,...,n and some fixed B > 0. Denote
V =30 Ei[X2]. Then, for any X € [0,1/B], with probability at least 1 — §:
In(1/6
Sox <y 2
=1

Lemma 22 (Strengthened Freedman'’s inequality from (Lee et al., 2020a, Theorem 2.2)) Let X1 .,, be
a martingale difference sequence with respect to a filtration F; C - -- C F,, such that B[ X;|F;] = 0.
Suppose B; € [1,b] for a fixed constant b is F;-measurable and such that X; < B; holds almost
surely. Then with probability at least 1 — § we have

zn: X; <C(v/8VIn(C/s) +2B*1In(C/9)),
=1

where V = max {1, | E[X?|F;]}, B* = max;cp, By, and C' = [In(b)][In(nb?)].
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