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Abstract

We propose a new reinforcement learning algorithm for partially observable Markov decision
processes (POMDP) based on spectral decomposition methods. While spectral methods
have been previously employed for consistent learning of (passive) latent variable models
such as hidden Markov models, POMDPs are more challenging since the learner interacts
with the environment and possibly changes the future observations in the process. We
devise a learning algorithm running through episodes, in each episode we employ spectral
techniques to learn the POMDP parameters from a trajectory generated by a fixed policy.
At the end of the episode, an optimization oracle returns the optimal memoryless planning
policy which maximizes the expected reward based on the estimated POMDP model. We
prove an order-optimal regret bound with respect to the optimal memoryless policy and
efficient scaling with respect to the dimensionality of observation and action spaces.
Keywords: Spectral Methods, Method of Moments, Partially Observable Markov Decision
Process, Latent Variable Model, Upper Confidence Reinforcement Learning.

1. Introduction

Reinforcement Learning (RL) is an effective approach to solve the problem of sequential
decision—making under uncertainty. RL agents learn how to maximize long-term reward us-
ing the experience obtained by direct interaction with a stochastic environment (Bertsekas and Tsitsiklis,
1996; Sutton and Barto, 1998). Since the environment is initially unknown, the agent has
to balance between exploring the environment to estimate its structure, and exploiting the
estimates to compute a policy that maximizes the long-term reward. As a result, designing
a RL algorithm requires three different elements: 1) an estimator for the environment’s
structure, 2) a planning algorithm to compute the optimal policy of the estimated envi-
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ronment (LaValle, 2006), and 3) a strategy to make a trade off between exploration and
exploitation to minimize the regret, i.e., the difference between the performance of the exact
optimal policy and the rewards accumulated by the agent over time.

Most of RL literature assumes that the environment can be modeled as a Markov decision
process (MDP), with a Markovian state evolution that is fully observed. A number of
exploration—exploitation strategies have been shown to have strong performance guarantees
for MDPs, either in terms of regret or sample complexity (see Sect. 1.2 for a review).
However, the assumption of full observability of the state evolution is often violated in
practice, and the agent may only have noisy observations of the true state of the environment
(e.g., noisy sensors in robotics). In this case, it is more appropriate to use the partially-
observable MDP or POMDP (Sondik, 1971) model.

Many challenges arise in designing RL algorithms for POMDPs. Unlike in MDPs, the
estimation problem (element 1) involves identifying the parameters of a latent variable
model (LVM). In an MDP the agent directly observes (stochastic) state transitions, and
the estimation of the generative model is straightforward via empirical estimators. On the
other hand, in a POMDP the transition and reward models must be inferred from noisy
observations and the Markovian state evolution is hidden. The planning problem (element
2), i.e., computing the optimal policy for a POMDP with known parameters, is PSPACE-
complete (Papadimitriou and Tsitsiklis, 1987), and it requires solving an augmented MDP
built on a continuous belief space (i.e., a distribution over the hidden state of the POMDP).
Finally, integrating estimation and planning in an exploration—exploitation strategy (ele-
ment 3) with guarantees is non-trivial and no no-regret strategies are currently known (see
Sect. 1.2).

1.1. Summary of Results

The main contributions of this paper are as follows: (i) We propose a new RL algorithm for
POMDPs that incorporates spectral parameter estimation within a exploration-exploitation
framework, (ii) we analyze regret bounds assuming access to an optimization oracle that
provides the best memoryless planning policy at the end of each learning episode, (iii) we
prove order optimal regret and efficient scaling with dimensions, thereby providing the first
guaranteed RL algorithm for a wide class of POMDPs.

The estimation of the POMDP is carried out via spectral methods which involve de-
composition of certain moment tensors computed from data. This learning algorithm is
interleaved with the optimization of the planning policy using an exploration—exploitation
strategy inspired by the UCRL method for MDPs (Ortner and Auer, 2007; Jaksch et al.,
2010). The resulting algorithm, called SM-UCRL (Spectral Method for Upper-Confidence
Reinforcement Learning), runs through episodes of variable length, where the agent follows
a fixed policy until enough data are collected and then it updates the current policy accord-
ing to the estimates of the POMDP parameters and their accuracy. Throughout the paper
we focus on the estimation and exploration—exploitation aspects of the algorithm, while we
assume access to a planning oracle for the class of memoryless policies (i.e., policies directly
mapping observations to a distribution over actions).!

1. This assumption is common in many works in bandit and RL literature (see
e.g., Abbasi-Yadkori and Szepesvari (2011) for linear bandit and Chen et al. (2013) in combinato-
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Theoretical Results. We prove the following learning result. For the full details see
Thm. 3 in Sect. 3.

Theorem (Informal Result on Learning POMDP Parameters) Let M be a POMDP
with X states, Y observations, A actions, R rewards, and Y > X, and characterized by
densities fr(z'|z,a), fo(y|z), and fr(r|z,a) defining state transition, observation, and the
reward models. Given a sequence of observations, actions, and rewards generated by execut-
ing a memoryless policy where each action a is chosen N(a) times, there exists a spectral
method which returns estimates fT, fo, and fR that, under suitable assumptions on the
POMDP, the policy, and the number of samples, satisfy

IFotia) ool < O(y |35 ).
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with high probability, for any state x and any action a.

This result shows the consistency of the estimated POMDP parameters and it also
provides explicit confidence intervals.

By employing the above learning result in a UCRL framework, we prove the following
bound on the regret Regy w.r.t. the optimal memoryless policy. For full details see Thm. 4
in Sect. 4.

Theorem (Informal Result on Regret Bounds) Let M be a POMDP with X states,
Y observations, A actions, and R rewards, with a diameter D defined as

D .= inlE ' ad ;
x7x’€n)}?(‘1),(a’€./4m7}n [T(x ,a'|z, a,ﬂ)],

i.e., the largest mean passage time between any two state-action pairs in the POMDP using
a memoryless policy ™ mapping observations to actions. If SM-UCRL is run over N steps
using the confidence intervals of Thm. 3, under suitable assumptions on the POMDP, the
space of policies, and the number of samples, we have

Regy < 5<DX3/ 2\/AYRN>,
with high probability.

The above result shows that despite the complexity of estimating the POMDP parame-
ters from noisy observations of hidden states, the regret of SM-UCRL is similar to the case of

rial bandit), where the focus is on the exploration—exploitation strategy rather than the optimization
problem.
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MDPs, where the regret of UCRL scales as 5(DMDPX VAN ). The regret is order-optimal,
since O(v/N) matches the lower bound for MDPs.

Another interesting aspect is that the diameter of the POMDP is a natural extension
of the MDP case. While Dyipp measures the mean passage time using state—based policies
(i.e., a policies mapping states to actions), in POMDPs policies cannot be defined over
states but rather on observations and this naturally translates into the definition of the
diameter D. More details on other problem-dependent terms in the bound are discussed in
Sect. 4.

The derived regret bound is with respect to the best memoryless (stochastic) policy
for the given POMDP. Indeed, for a general POMDP, the optimal policy need not be
memoryless. However, finding the optimal policy is uncomputable for infinite horizon
regret minimization (Madani, 1998). Instead memoryless policies have shown good per-
formance in practice (see the Section on related work). Moreover, for the class of so-
called contextual MDP, a special class of POMDPs, the optimal policy is also memory-
less (Krishnamurthy et al., 2016).

Analysis of the learning algorithm. The learning results in Thm. 3 are based on spectral
tensor decomposition methods, which have been previously used for consistent estimation
of a wide class of LVMs (Anandkumar et al., 2014). This is in contrast with traditional
learning methods, such as expectation-maximization (EM) (Dempster et al., 1977), that
have no consistency guarantees and may converge to local optimum which is arbitrarily
bad.

While spectral methods have been previously employed in sequence modeling such as in
HMMs (Anandkumar et al., 2014), by representing it as multiview model, their application
to POMDPs is not trivial. In fact, unlike the HMM, the consecutive observations of a
POMDP are no longer conditionally independent, when conditioned on the hidden state
of middle view. This is because the decision (or the action) depends on the observations
themselves. By limiting to memoryless policies, we can control the range of this dependence,
and by conditioning on the actions, we show that we can obtain conditionally independent
views. As a result, starting with samples collected along a trajectory generated by a fixed
policy, we can construct a multi-view model and use the tensor decomposition method
on each action separately, estimate the parameters of the POMDP, and define confidence
intervals.

While the proof follows similar steps as in previous works on spectral methods (e.g.,
HMMs Anandkumar et al., 2014), here we extend concentration inequalities for dependent
random variables to matrix valued functions by combining the results of Kontorovich et al.
(2008) with the matrix Azuma’s inequality of Tropp (2012). This allows us to remove the
usual assumption that the samples are generated from the stationary distribution of the
current policy. This is particularly important in our case since the policy changes at each
episode and we can avoid discarding the initial samples and waiting until the corresponding
Markov chain converged (i.e., the burn-in phase).

The condition that the POMDP has more observations than states (Y > X) follows
from standard non-degeneracy conditions to apply the spectral method. This corresponds
to considering POMDPs where the underlying MDP is defined over a few number of states
(i.e., a low-dimensional space) that can produce a large number of noisy observations.
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This is common in applications such as spoken-dialogue systems (Atrash and Pineau, 2006;
Png et al., 2012) and medical applications (Hauskrecht and Fraser, 2000). We also show

how this assumption can be relaxed and the result can be applied to a wider family of
POMDPs.

Analysis of the exploration—exploitation strategy. SM-UCRL applies the popular
optimism-in-face-of-uncertainty principle? to the confidence intervals of the estimated POMDP
and compute the optimal policy of the most optimistic POMDP in the admissible set. This
optimistic choice provides a smooth combination of the exploration encouraged by the con-
fidence intervals (larger confidence intervals favor uniform exploration) and the exploitation
of the estimates of the POMDP parameters.

While the algorithmic integration is rather simple, its analysis is not trivial. The spec-
tral method cannot use samples generated from different policies and the length of each
episode should be carefully tuned to guarantee that estimators improve at each episode.
Furthermore, the analysis requires redefining the notion of diameter of the POMDP. In ad-
dition, we carefully bound the various perturbation terms in order to obtain efficient scaling
in terms of dimensionality factors.

Finally, in the Appendix F, we report preliminary synthetic experiments that demon-
strate superiority of our method over existing RL methods such as Q-learning and UCRL
for MDPs, and also over purely exploratory methods such as random sampling, which ran-
domly chooses actions independent of the observations. SM-UCRL converges much faster
and to a better solution. The solutions relying on the MDP assumption, directly work in
the (high) dimensional observation space and perform poorly. In fact, they can even be
worse than the random sampling policy baseline. In contrast, our method aims to find the
lower dimensional latent space to derive the policy and this allows UCRL to find a much
better memoryless policy with vanishing regret.

It is worth noting that, in general, with slight changes on the learning set up, one can
come up with new algorithms to learn different POMDP models with, slightly, same upper
confidence bounds. Moreover, after applying memoryless policy and collecting sufficient
number of samples, when the model parameters are learned very well, one can do the planing
on the belief space, and get memory dependent policy, therefore improve the performance
even further.

1.2. Related Work

In last few decades, MDP has been widely studied (Kearns and Singh, 2002; Brafman and Tennenholtz,
2003; Bartlett and Tewari, 2009; Jaksch et al., 2010) in different setting. Even for the large

state space MDP, where the classical approaches are not scalable, Kocsis and Szepesvari

(2006) introduces MDP Monte-Carlo planning tree which is one of the few viable approaches

to find the near-optimal policy. In addition, for special class of MDPs, Markov Jump Affine

Model, when the action space is continuous, (Baltaoglu et al., 2016) proposes an order

optimal learning policy.

2. This principle has been successfully used in a wide number of exploration—exploitation problems
ranging from multi-armed bandit (Auer et al., 2002), linear contextual bandit (Abbasi-Yadkori et al.,
2011), linear quadratic control (Abbasi-Yadkori and Szepesvari, 2011), and reinforcement learn-
ing (Ortner and Auer, 2007; Jaksch et al., 2010).
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While RL in MDPs has been widely studied, the design of effective exploration—exploration
strategies in POMDPs is still relatively unexplored. Ross et al. (2007) and Poupart and Vlassis
(2008) propose to integrate the problem of estimating the belief state into a model-based
Bayesian RL approach, where a distribution over possible MDPs is updated over time. The
proposed algorithms are such that the Bayesian inference can be done accurately and at
each step, a POMDP is sampled from the posterior and the corresponding optimal policy
is executed. While the resulting methods implicitly balance exploration and exploitation,
no theoretical guarantee is provided about their regret and their algorithmic complexity
requires the introduction of approximation schemes for both the inference and the planning
steps. An alternative to model-based approaches is to adapt model-free algorithms, such
as Q-learning, to the case of POMDPs. Perkins (2002) proposes a Monte-Carlo approach
to action-value estimation and it shows convergence to locally optimal memoryless policies.
While this algorithm has the advantage of being computationally efficient, local optimal
policies may be arbitrarily suboptimal and thus suffer a linear regret.

An alternative approach to solve POMDPs is to use policy search methods, which
avoid estimating value functions and directly optimize the performance by searching in
a given policy space, which usually contains memoryless policies (see e.g., (Ng and Jordan,
2000),(Baxter and Bartlett, 2001),(Poupart and Boutilier, 2003; Bagnell et al., 2004)). Be-
side its practical success in offline problems, policy search has been successfully inte-
grated with efficient exploration—exploitation techniques and shown to achieve small re-
gret (Gheshlaghi-Azar et al., 2013, 2014). Nonetheless, the performance of such methods
is severely constrained by the choice of the policy space, which may not contain policies
with good performance. Another approach to solve POMDPs is proposed by (Guo et al.,
2016). In this work, the agent randomly chooses actions independent of the observations
and rewards. The agent executes random policy until it collects sufficient number of samples
and then estimates the model parameters given collected information. The authors propose
Probably Approximately Correct (PAC) framework for RL in POMDP setting and shows
polynomial sample complexity for learning of the model parameters. During learning phase,
they defines the induced Hidden Markov Model and applies random policy to capture differ-
ent aspects of the model, then in the planing phase, given the estimated model parameters,
they compute the optimum policy so far. In other words, the proposed algorithm explores
the environment sufficiently enough and then exploits this exploration to come up with a
optimal policy given estimated model. In contrast, our method considers RL of POMDPs
in an episodic learning framework.

Matrix decomposition methods have been previously used in the more general setting of
predictive state representation (PSRs) (Boots et al., 2011) to reconstruct the structure of
the dynamical system. Despite the generality of PSRs, the proposed model relies on strong
assumptions on the dynamics of the system and it does not have any theoretical guarantee
about its performance. Gheshlaghi azar et al. (2013) used spectral tensor decomposition
methods in the multi-armed bandit framework to identify the hidden generative model of
a sequence of bandit problems and showed that this may drastically reduce the regret.
Recently, (Hamilton et al., 2014) introduced compressed PSR (CPSR) method to reduce
the computation cost in PSR by exploiting the advantages in dimensionality reduction,
incremental matrix decomposition, and compressed sensing. In this work, we take these
ideas further by considering more powerful tensor decomposition techniques.
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Krishnamurthy et al. (2016) recently analyzed the problem of learning in contextual-
MDPs and proved sample complexity bounds polynomial in the capacity of the policy space,
the number of states, and the horizon. While their objective is to minimize the regret over
a finite horizon, we instead consider the infinite horizon problem. It is an open question to
analyze and modify our spectral UCRL algorithm for the finite horizon problem. As stated
earlier, contextual MDPs are a special class of POMDPs for which memoryless policies are
optimal. While they assume that the samples are drawn from a contextual MDP, we can
handle a much more general class of POMDPs, and we minimize regret with respect to the
best memoryless policy for the given POMDP.

Finally, a related problem is considered by Ortner et al. (2014), where a series of possible
representations based on observation histories is available to the agent but only one of them
is actually Markov. A UCRL-like strategy is adopted and shown to achieve near-optimal
regret.

In this paper, we focus on the learning problem, while we consider access to an optimiza-
tion oracle to compute the optimal memoryless policy. The problem of planning in general
POMDPs is intractable (PSPACE-complete for finite horizon (Papadimitriou and Tsitsiklis,
1987) and uncomputable for infinite horizon (Madani, 1998)).

Many exact, approximate, and heuristic methods have been proposed to compute the
optimal policy (see Spaan (2012) for a recent survey). An alternative approach is to
consider memoryless policies which directly map observations (or a finite history) to ac-
tions (Littman, 1994; Singh et al., 1994; Li et al., 2011). While deterministic policies may
perform poorly, stochastic memoryless policies are shown to be near-optimal in many do-
mains (Barto et al., 1983; Loch and Singh, 1998; Williams and Singh, 1998) and even op-
timal in the specific case of contextual MDPs (Krishnamurthy et al., 2016). Although
computing the optimal stochastic memoryless policy is still NP-hard (Littman, 1994), sev-
eral model-based and model-free methods are shown to converge to nearly-optimal policies
with polynomial complexity under some conditions on the POMDP (Jaakkola et al., 1995;
Li et al., 2011). In this work, we employ memoryless policies and prove regret bounds for
reinforcement learning of POMDPs. The above works suggest that focusing to memoryless
policies may not be a restrictive limitation in practice.

1.3. Paper Organization

The paper is organized as follows. Sect. 2 introduces the notation (summarized also in
a table in Sect. 6) and the technical assumptions concerning the POMDP and the space
of memoryless policies that we consider. Sect. 3 introduces the spectral method for the
estimation of POMDP parameters together with Thm. 3. In Sect. 4, we outline SM-UCRL
where we integrate the spectral method into an exploration—exploitation strategy and we
prove the regret bound of Thm. 4. Sect. 5 draws conclusions and discuss possible directions
for future investigation. The proofs are reported in the appendix together with preliminary
empirical results showing the effectiveness of the proposed method.

2. Preliminaries

A POMDP M is a tuple (X, A, Y, R, fr, fr, fo), where X is a finite state space with
cardinality |X| = X, A is a finite action space with cardinality |A| = A, ) is a finite
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Figure 1: Graphical model of a POMDP under memoryless policies.

observation space with cardinality || =Y, and R is a finite reward space with cardinality
|R| = R and largest reward ry,x. For notation convenience, we use a vector notation for the
elements in Y and R, so that y € RY and r € R are indicator vectors with entries equal to
0 except a 1 in the position corresponding to a specific element in the set (e.g., y = e, refers
to the n-th element in ). We use 4, j € [X] to index states, k,l € [A] for actions, m € [R]
for rewards, and n € [Y] for observations. Finally, fr denotes the transition density, so
that fr(z2'|z,a) is the probability of transition to 2’ given the state-action pair (z,a), fr
is the reward density, so that fr(r|x,a) is the probability of receiving the reward in R
corresponding to the value of the indicator vector r given the state-action pair (z,a), and
fo is the observation density, so that fo(y|z) is the probability of receiving the observation
in Y corresponding to the indicator vector y given the state x. Whenever convenient, we
use tensor forms for the density functions such that

Tyjo = Plrppr = jloy = d,a0 = 1] = fr(jli, 1), s.t. T e RXxXx4
On,i = P[y = en‘l' = Z] = fO(en’i), st. O e RY*X
Litm =Plr = em|z =1i,a = 1] = frenli,1), s.it. T e RXXAXE,

We also denote by T. ;; the fiber (vector) in R¥ obtained by fixing the arrival state j and
action [ and by T:.; € RX*X the transition matrix between states when using action [. The
graphical model associated to the POMDP is illustrated in Fig. 1.

We focus on stochastic memoryless policies which map observations to actions and for
any policy m we denote by fr(aly) its density function. We denote by P the set of all
stochastic memoryless policies that have a non-zero probability to explore all actions:

P = {7 : minmin fr(aly) > Tmin}-
Yy a

Acting according to a policy m in a POMDP M defines a Markov chain characterized by a
transition density

fra(@'le) =YY fr(aly) fo(yla) fr(2' |z, a),
a y

and a stationary distribution w, over states such that wr(z) = >, fr(2'|z)wx(2'). The
expected average reward performance of a policy 7 is

n(m; M) = Z wr (2)T7(2),
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where 7 (x) is the expected reward of executing policy 7 in state = defined as

77r(x) = Z Z fO(y"T)fW(a’y)F(x7 CL),
a Yy

and 7(z,a) = >, rfr(r|z,a) is the expected reward for the state-action pair (z,a). The
best stochastic memoryless policy in P is 717 = arg ma%( n(m; M) and we denote by n* =
TE

n(mt; M) its average reward.?> Throughout the paper we assume that we have access to an
optimization oracle returning the optimal policy 7+ in P for any POMDP M. We need the
following assumptions on the POMDP M.

Assumption 1 (Ergodicity) For any policy m € P, the corresponding Markov chain fr .
is ergodic, so wx(x) > 0 for all states x € X.

We further characterize the Markov chains that can be generated by the policies in
P. For any ergodic Markov chain with stationary distribution wy, let fi_¢(z¢|x1) by the
distribution over states reached by a policy 7 after t steps starting from an initial state z1.
The inverse mixing time pmix ~(t) of the chain is defined as

pmiXJr(t) = sup ||f1—>t(|$1) - wﬂ'HTV ’
T

where || - ||Tv is the total-variation metric. Kontorovich et al. (2014) show that for any
ergodic Markov chain the mixing time can be bounded as

i (t) < G(m)0 (),

where 1 < G(7) < oo is the geometric ergodicity and 0 < 6(w) < 1 is the contraction
coefficient of the Markov chain generated by policy .

Assumption 2 (Full Column-Rank) The observation matriz O € RY*X is full column
rank.

This assumption guarantees that the distribution fo(-|x) in a state = (i.e., a column
of the matrix O) is not the result of a linear combination of the distributions over other
states. We show later that this is a sufficient condition to recover fo since it makes all states
distinguishable from the observations and it also implies that Y > X. Notice that POMDPs
have been often used in the opposite scenario (X > Y') in applications such as robotics,
where imprecise sensors prevents from distinguishing different states. On the other hand,
there are many domains in which the number of observations may be much larger than the
set of states that define the dynamics of the system. A typical example is the case of spoken
dialogue systems (Atrash and Pineau, 2006; Png et al., 2012), where the observations (e.g.,
sequences of words uttered by the user) is much larger than the state of the conversation
(e.g., the actual meaning that the user intended to communicate). A similar scenario is
found in medical applications (Hauskrecht and Fraser, 2000), where the state of a patient
(e.g., sick or healthy) can produce a huge body of different (random) observations. In these
problems it is crucial to be able to reconstruct the underlying small state space and the
actual dynamics of the system from the observations.

3. We use mT rather than 7* to recall the fact that we restrict the attention to P and the actual optimal
policy for a POMDP in general should be constructed on the belief-MDP.
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Assumption 3 (Invertible) For any action a € [A], the transition matriz T., , € RX*X
is 1nvertible.

Similar to the previous assumption, this means that for any action a the distribution
fr(-|z,a) cannot be obtained as linear combination of distributions over other states, and
it is a sufficient condition to be able to recover the transition tensor. Both Asm. 2 and 3
are strictly related to the assumptions introduced by Anandkumar et al. (2014) for tensor
methods in HMMs. In Sect. 4 we discuss how they can be partially relaxed.

3. Learning the Parameters of the POMDP

In this section we introduce a novel spectral method to estimate the POMDP parameters fr,
fo, and fr. A stochastic policy 7 is used to generate a trajectory (yy,a1,71,...,YxN, AN, TN)
of N steps. We need the following assumption that, together with Asm. 1, guarantees that
all states and actions are constantly visited.

Assumption 4 (Policy Set) The policy  belongs to P.

Similar to the case of HMMs, the key element to apply the spectral methods is to
construct a multi-view model for the hidden states. Despite its similarity, the spectral
method developed for HMM by Anandkumar et al. (2014) cannot be directly employed
here. In fact, in HMMs the state transition and the observations only depend on the
current state. On the other hand, in POMDPs the probability of a transition to state xz’
not only depends on z, but also on action a. Since the action is chosen according to a
memoryless policy 7 based on the current observation, this creates an indirect dependency
of 2’ on observation y, which makes the model more intricate.

3.1. The multi-view model

We estimate POMDP parameters for each action [ € [A] separately. Let ¢ € [2, N — 1] be a
step at which a; = [, we construct three views (a—1,y;_1,7¢—1), (Y;,7¢), and (y,, ;) which
all contain observable elements. As it can be seen in Fig. 1, all three views provide some
information about the hidden state x; (e.g., the observation y,_; triggers the action a;_1,
which influence the transition to x;). A careful analysis of the graph of dependencies shows
that conditionally on x;,a; all the views are independent. For instance, let us consider
Yy, and y,, ;. These two random variables are clearly dependent since y, influences action
ay, which triggers a transition to z;41 that emits an observation y,,,. Nonetheless, it is
sufficient to condition on the action a; = [ to break the dependency and make y, and y,,
independent. Similar arguments hold for all the other elements in the views, which can be
used to recover the latent variable z;. More formally, we encode the triple (a;—1, Y, 1, T¢t-1)
into a vector 'vg S RA'Y'R, so that view v& = e; whenever a;—1 = k, Y, = ey, and
ri_1 = e, for a suitable mapping between the index s € {1,..., A-Y - R} and the indices
(k,n,m) of the action, observation, and reward. Similarly, we proceed for 'vélze e RYE and
vg% € RY. We introduce the three view matrices V,,(l) with v € {1,2,3} associated with

10
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action [ defined as Vl(l) € RAYRxX VQ(Z) e RYBxX "and Vg(l) € RY*X such that

[Vl(l)]s,i - P(’Ugl) — es|x2 = Z) — [Vl(l)](n,m,k),i — ]P)(yl =e€,,T1 = €p,a] = k;|$2 = Z),
[Vz(l)]w- = IP’('vg) = eslry =i,a9 = l) = [Vz(l)](n/7m/)7i = IP’(yQ =€y, T = ey |ry =1i,a9 = l),
[V})(l)]s,z’ = P(’v;(),l) =esry =i,ap=1) = [V3(l)]n”,i =P(y; = epr|za = i,a2 = 1).

In the following we denote by ,u(l) [V,,(l)]zvi the ith column of the matrix V,,(l) for any
v € {1,2,3}. Notice that Asm. 2 and Asm. 3 imply that all the view matrices are full
column rank. As a result, we can construct a multi-view model that relates the spectral
decomposition of the second and third moments of the (modified) views with the columns
of the third view matrix.

Proposition 1 (Thm. 3.6 in (Anandkumar et al., 2014)) Let K,Ell)j, = E[v,(,l) ®vl(jl,)]
be the correlation matriz between views v and V' and K1 is its pseudo-inverse. We define a
modified version of the first and second views as

~(1 l l l ~(1 l 1 l
50 = KO, 5 = KO o) 0

Then the second and third moment of the modified views have a spectral decomposition as
l
Mz( )= E[v Zw(l u3 P ® u( )Z, (2)
1 1
M= E[5) 0 5o )] Zw g © by © 3)

where ® is the tensor product and w (1) = Pz = ila =[] is the state stationary distribution
of m conditioned on action [ being selected by policy .

()

Notice that under Asm. 1 and 4, wgr)( /) is always bounded away from zero. Given M,

and M?E ) we can recover the columns of the third view ,ug)z directly applying the standard

spectral decomposition method of Anandkumar et al. (2012). We need to recover the other

0

views from V5. From the definition of modified views in Eq. 1 we have

st = Eorfes = 0o = 1] = Kyp(Kio) Elonle =iv02 = 1) = Kip(Ki)wie
iy = EfBales = i,a2 = 1] = Kg} (K Elosfea = i,00 = 1] = K (K3)

Thus, it is sufficient to invert (pseudo invert) the two equations above to obtain the columns
of both the first and second view matrices. This process could be done in any order, e.g.,
we could first estimate the second view by applying a suitable symmetrization step (Eq. 1)
and recovering the first and the third views by reversing similar equations to Eq. 4. On
the other hand, we cannot repeat the symmetrization step multiple times and estimate the
views independently (i.e., without inverting Eq. 4). In fact, the estimates returned by the
spectral method are consistent “up to a suitable permutation” on the indexes of the states.

11
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While this does not pose any problem in computing one single view, if we estimated two
views independently, the permutation may be different, thus making them non-consistent
and impossible to use in recovering the POMDP parameters. On the other hand, estimating
first one view and recovering the others by inverting Eq. 4 guarantees the consistency of
the labeling of the hidden states.

2. Recovery of POMDP parameters

Once the views {V( _o are computed from M, D and M (l), we can derive fr, fo, and fg.
In particular, all parameters of the POMDP can be obtained by manipulating the second
and third view as illustrated in the following lemma.

Lemma 2 Given the views V2(l) and Vg(l), for any state i € [X] and action | € [A], the
POMDP parameters are obtained as follows. For any reward m € [R] the reward density is

Y
frenlisl) = Z (5)

for any observation n’ € [Y] the observation density is

9 ewli) Z 7 ”efl” o (6)

with

R Y
Z Z 2 (n m'),i _ 1
— = frlllew) — Plaz=llz2=1)
Finally, each second mode of the transition tensor T € RX*X*A s obtained as
(T = O V3]s (7)
where OT is the pseudo-inverse of matriz observation O and fr(-|i,1) = [T;.,.

In the previous statement we use f(()l) to denote that the observation model is recovered

from the view related to action [. While in the exact case, all fg) are identical, moving
to the empirical version leads to A different estimates, one for each action view used to
compute it. Among them, we will select the estimate with the better accuracy.

Empirical estimates of POMDP parameters. In practice, Mz(l) and Mél) are not
available and need to be estimated from samples. Given a trajectory of N steps obtained
executing policy 7, let T(I) = {t € [2, N — 1] : a; = I} be the set of steps when action [ is
played, then we collect all the triples (a;—1,¥y;_1,7¢-1), (ys,7¢) and (y;,q) for any ¢t € T(1)

and construct the corresponding views vgl)t, vgi, (l) . Then we symmetrize the views using

4. Each column of OW corresponds to ¢1-closest column of o

12
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Algorithm 1 Estimation of the POMDP parameters. The routine TENSORDECOMPOSITION
refers to the spectral tensor decomposition method of Anandkumar et al. (2012).

Input:
Policy density fr, number of states X
Trajectory ((yy,a1,71), (Y2,a2,72), .., (Yn,an,TN))
Variables:
Estimated second and third views V( ) , and V( ) for any action [ € [A]
Estimated observation, reward, and transmon models fo, f R, fT

fori=1,...,Ado
Set T()={te[N—-1]:a, =1} and N() = |T ()]
Construct views vy = (@-1,Y;_1,Tt-1), Vo = (Y, Tt), V3 =y, foranyteT(l)

Compute covariance matrices Kél) IA(él)l, Kég as

,,l,,— Zv ®’U/t;VI/€{123}
tET )
Compute modified views vgl) : 3(“2([(([)) 5§l,t =K (l)( (l)) (2 for any t € T(1)
Compute second and third moments
= 1 ~( ! 1) ~(1) 1
M2(): N(Z) Z”%@”éz&a M?S - ngt ()
teT, teT

Compute A TENSORDECOMPOSITION(MQ(Z), M(l))
Compute ﬁQ) K(l) (KQ) my ) for any i € [X]

2

Compute f(eni,l) = Zn, 1[V2( ltn/;my,i  for any i € [X], m € [R]

)
Compute p(i,1) = 3%, _ Y M for any i € [X], n € [Y]

fr l|en’)
. R V3"l (o) i .
£ (enli) = Sy ez forany i € [X], n € [V]

Compute
end for
Compute bounds Bg)

Set I* = arg min; 88), fo= Jao* and construct matrix [5]1” = fo(enls)
Reorder columns of matrices ‘A/Q(l) and 173(“ such that matrix O and O") match, VI € [A]*
for i € [X], 1 € [4] do

Compute [T);.; = Ot [173([)];,1»
end for
Return: ]/C\R, ]/C\T, fo, Bgr, Br, Bo

empirical estimates of the covariance matrices and build the empirical version of Eqs. 2
and 3 using N (1) = |7 (I)| samples, thus obtaining

) 1 70 @50 () 1 ~O) o~ o0
M\ E ® vy, My = —— E Vi QUVy; D VUasy. 8
2 N(l) = 1,t 2t 3 N(l) 1,t 2,t 3.t ( )

13
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Given the resulting AQ(l) and ]\/Z?El), we apply the spectral tensor decomposition method

to recover an empirical estimate of the third view ‘73(1) and invert Eq. 4 (using estimated
covariance matrices) to obtain ‘72(1). Finally, the estimates fo, fT, and fR are obtained by
plugging the estimated views ‘7,, in the process described in Lemma 2.

Spectral methods indeed recover the factor matrices up to a permutation of the hidden
states. In this case, since we separately carry out spectral decompositions for different
actions, we recover permuted factor matrices. Since the observation matrix O is common
to all the actions, we use it to align these decompositions. Let’s define dp

do =t min||fo(|z) = fo(-z")Ih

Actually, dp is the minimum separability level of matrix O. When the estimation error
over columns of matrix O are less than 4dp, then one can come over the permutation issue
by matching columns of O matrices. In T condition is reflected as a condition that the
number of samples for each action has to be larger some number.

The overall method is summarized in Alg. 1. The empirical estimates of the POMDP
parameters enjoy the following guarantee.

Theorem 3 (Learning Parameters) Let fo, fT, and fR be the estimated POMDP mod-
els using a trajectory of N steps. We denote by oV = UX(KIEl) ) the smallest non-zero

v,V 174
singular value of the covariance matriz K, ,/, with v,v’ € {1,2,3}, and by O'min(vy(l)) the
smallest singular value of the view matrix V,,(l) (strictly positive under Asm. 2 and Asm. 3),
and we define wr(i)m = mingecy wg)(:n) (strictly positive under Asm. 1). If for any action
l € [A], the number of samples N(l) satisfies the condition

2
V2+1
4 1602Y G(m) Pt 2Y2 4 AY
N(l) > max{ T 6002 R, 0 1=0(r) 0 @(l)}log (M)7
(031)? AD dzo Whin I{I}ig?)}{again(vv )} 0
’ ve IE g}

9)

with ©W | defined in Eq 27, and G(r),0(r) are the geometric ergodicity and the contraction
coefficients of the corresponding Markov chain induced by w, then for any § € (0,1) and for
any state i € [X]| and action | € [A] we have

o @ Y Rlog(1/9)

155 C1)=follilh < B = 3 | =y (10)

~ C Y Rlog(1/6
IFaCliD) = fCli Dl < B s= S [ B, ()

5. We do not report the explicit definition of ©W® here because it contains exactly the same quantities, such

as wfflgm that are already present in other parts of the condition of Eq. 9.
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Cr |[YRXZ?log(1/0)

el D= frCli Dl < By = S5\~

(12)

with probability 1—6(Y 2+ AY R)AS (w.r.t. the randomness in the transitions, observations,
and policy), where Co, Cr, and Cr are numerical constants and

A = 6101 (0) (mih oty (@it min {omn (V0D (13)
’ ve{1,2,3}

Finally, we denote by fo the most accurate estimate of the observation model, i.e., the
estimate fg ) such that I* = arg min;¢ 4 Bg) and we denote by Bo its corresponding bound.

Remark 1 (consistency and dimensionality). All previous errors decrease with a rate
O(1/y/N (1)), showing the consistency of the spectral method, so that if all the actions are
repeatedly tried over time, the estimates converge to the true parameters of the POMDP.
This is in contrast with EM-based methods which typically get stuck in local maxima and
return biased estimators, thus preventing froAm deriving confidence intervals.

The bounds in Eqs. 10, 11, 12 on fo, fr and fr depend on X, Y, and R (and the
number of actions only appear in the probability statement). The bound in Eq. 12 on fT
is worse than the bounds for fR and fo in Egs. 10, 11 by a factor of X?2. This(l)seems

unavoidable since fR and fo are the results of the manipulation of the matrix V,” with
Y - R columns, while estimating fT requires working on both Vz(l) and V3(l). In addition,
to come up with upper bound for fT, more complicated bound derivation is needed and it
has one step of Frobenious norms to €2 norm transformatlon The derivation procedure for

fT is more complicated compared to fo and fR and adds the term X to the final bound.
(Appendix. C)

Remark 2 (POMDP parameters and policy 7). In the previous bounds, several terms
depend on the structure of the POMDP and the policy 7 used to collect the samples:

o )\ captures the main problem-dependent terms. While K > and K1 3 are full column-
rank matrices (by Asm. 2 and 3), their smallest non-zero singular values influence the
accuracy of the (pseudo-)inversion in the construction of the modified views in Eq. 1
and in the computation of the second view from the third using Eq. 4. Similarly
the presence of op,in(O) is justified by the pseudo-inversion of O used to recover the
transition tensor in Eq. 7. Finally, the dependency on the smallest singular values

@

o2. (V") is due to the tensor decomposition method (see App. J for more details).

e A gpecific feature of the bounds above is that they do not depend on the state ¢
and the number of times it has been explored. Indeed, the inverse dependency on
wr(rll)in in the condition on N(I) in Eq. 9 implies that if a state j is poorly visited,
then the empirical estimate of any other state ¢ may be negatively affected. This is
in striking contrast with the fully observable case where the accuracy in estimating,
e.g., the reward model in state i and action [, simply depends on the number of
times that state-action pair has been explored, even if some other states are never

explored at all. This difference is intrinsic in the partial observable nature of the
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POMDP, where we reconstruct information about the states (i.e., reward, transition,
and observation models) only from indirect observations. As a result, in order to have
accurate estimates of the POMDP structure, we need to rely on the policy 7 and the
ergodicity of the corresponding Markov chain to guarantee that the whole state space
is covered.

e Under Asm. 1 the Markov chain fr . is ergodic for any m € P. Since no assumption is
made on the fact that the samples generated from 7 being sampled from the stationary
distribution, the condition on N(I) depends on how fast the chain converge to w, and
this is characterized by the parameters G(7) and 6().

e If the policy is deterministic, then some actions would not be explored at all, thus
leading to very inaccurate estimations (see e.g., the dependency on f(I|y) in Eq. 6).
The inverse dependency on Ty, (defined in P) accounts for the amount of exploration
assigned to every actions, which determines the accuracy of the estimates. Further-
more, notice that also the singular values ng’é and ng’)z depend on the distribution of

the views, which in turn is partially determined by the policy .

Notice that the first two terms are basically the same as in the bounds for spectral
methods applied to HMM (Song et al., 2013), while the dependency on 7y, is specific to the
POMDP case. On the other hand, in the analysis of HMMs usually there is no dependency
on the parameters G and 6 because the samples are assumed to be drawn from the stationary
distribution of the chain. Removing this assumption required developing novel results for
the tensor decomposition process itself using extensions of matrix concentration inequalities
for the case of Markov chain (not yet in the stationary distribution). The overall analysis
is reported in App. I and J. It worth to note that, Kontorovich et al. (2013), without
stationary assumption, proposes new method to learn the transition matrix of HMM model
given factor matrix O, and it provides theoretical bound over estimation errors.

4. Spectral UCRL

The most interesting aspect of the estimation process illustrated in the previous section
is that it can be applied when samples are collected using any policy 7 in the set P. As
a result, it can be integrated into any exploration-exploitation strategy where the policy
changes over time in the attempt of minimizing the regret.

The algorithm. The SM-UCRL algorithm illustrated in Alg. 2 is the result of the integra-
tion of the spectral method into a structure similar to UCRL (Jaksch et al., 2010) designed
to optimize the exploration-exploitation trade-off. The learning process is split into episodes
of increasing length. At the beginning of each episode k& > 1 (the first episode is used to
initialize the variables), an estimated POMDP M® = (X,A YR, Aj(ﬂk), ]‘A’}(zk), ]‘A’ék)) is com-
puted using the spectral method of Alg. 1. Unlike in UCRL, SM-UCRL cannot use all the
samples from past episodes. In fact, the distribution of the views v, vs, v3 depends on the
policy used to generate the samples. As a result, whenever the policy changes, the spectral
method should be re-run using only the samples collected by that specific policy. Nonethe-
less we can exploit the fact that the spectral method is applied to each action separately. In
SM-UCRL at episode k for each action | we use the samples coming from the past episode
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Algorithm 2 The SM-UCRL algorithm.
Input: Confidence ¢’
Variables:

Number of samples N (7)

Estimated observation, reward, and transition models
Initialize: ¢ = 1, initial state 1, 6 = 6'/N%, k=1
while t < N do

Compute the estimated POMDP M® with the Alg. 1 using N®) (1) samples per action

Compute the set of admissible POMDPs M ®*) using bounds in Thm. 3

Compute the optimistic policy 7*) = argmax max n(m; M)

TEP MeMF)

Set v(*) (1) = 0 for all actions I € [A]
while Vi € [A],v®) (1) < 2N®)(1) do

Execute a; ~ fzm) (-ly;)

Obtain reward 7;, observe next observation g, ,, and set t =%+ 1
end while
Store N*+1) (1) = maxy < v+ (1) samples for each action I € [A]
Set k=k+1

end while

rk) (k) 2(k)
o Jr /T

which returned the largest number of samples for that action. Let v(*)(1) be the number of
samples obtained during episode k for action [, we denote by N*) (1) = max -, v*) (1) the
largest number of samples available from past episodes for each action separately and we
feed them to the spectral method to compute the estimated POMDP M®) at the beginning
of each episode k.

Given the estimated POMDP M® and the result of Thm. 3, we construct the set
M®E) of admissible POMDPs M = (X, A, Y, R, fr, fr. fo) whose transition, reward, and

observation models belong to the confidence intervals (e.g., ||%k)(|l)—fo(|l)||1 < Bo for
any state 7). By construction, this guarantees that the true POMDP M is included in
M®) with high probability. Following the optimism in face of uncertainty principle used
in UCRL, we compute the optimal memoryless policy corresponding to the most optimistic
POMDP within M®*). More formally, we compute®

7#) = argmax max n(m; M). (14)

T€P MeMk)
Intuitively speaking, the optimistic policy implicitly balances exploration and exploitation.
Large confidence intervals suggest that M*) is poorly estimated and further exploration
is needed. Instead of performing a purely explorative policy, SM-UCRL still exploits the
current estimates to construct the set of admissible POMDPs and selects the policy that

6. The computation of the optimal policy (within P) in the optimistic model may not be trivial. Nonethe-
less, we first notice that given an horizon NN, the policy needs to be recomputed at most O(log N) times
(i-e., number of episodes). Furthermore, if an optimization oracle to n(m; M) for a given POMDP M
is available, then it is sufficient to randomly sample multiple POMDPs from M® (which is a compu-
tationally cheap operation), find their corresponding best policy, and return the best among them. If
enough POMDPs are sampled, the additional regret caused by this approximately optimistic procedure
can be bounded as O(vV/N).
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maximizes the performance n(m; M) over all POMDPs in M®). The choice of using the
optimistic POMDP guarantees the 7(%) explores more often actions corresponding to large
confidence intervals, thus contributing to improve the estimates over time. After computing
the optimistic policy, 7(%) is executed until the number of samples for one action is doubled,
i.e., v®) (1) > 2N®)(1). This stopping criterion avoids switching policies too often and it
guarantees that when an episode is terminated, enough samples are collected to compute a
new (better) policy. This process is then repeated over episodes and we expect the optimistic
policy to get progressively closer to the best policy 7+ € P as the estimates of the POMDP
get more and more accurate.

Regret analysis. We now study the regret SM-UCRL w.r.t. the best policy in P. While
in general 7™ may not be optimal, 7y, is usually set to a small value and oftentimes the
optimal memoryless policy itself is stochastic and it may actually be contained in P. Given
an horizon of N steps, the regret is defined as

N
Regy = Nnt — Zrt, (15)
t=1

where r; is the random reward obtained at time ¢ according to the reward model fr over the
states traversed by the policies performed over episodes on the actual POMDP. To restate,
similar to the MDP case, the complexity of learning in a POMDP M is partially determined
by its diameter, defined as

= : 1o .
D= max winElr(e,d|sem)], (16)

which corresponds to the expected passing time from a state x to a state a2’ starting
with action a and terminating with action a’ and following the most effective memory-
less policy m € P. The main difference w.r.t. to the diameter of the underlying MDP (see
e.g., Jaksch et al. (2010)) is that it considers the distance between state-action pairs using
memoryless policies instead of state-based policies.

Before stating our main result, we introduce the worst-case version of the parameters
characterizing Thm. 3. Let 123 := llél[l}‘l] 173161% w](n?in VEI{I}iélB} aﬁlin(v,,(l)) be the worst smallest
non-zero singular value of the views for action [ when acting according to policy 7 and let
013 = lrél[% m€17131 Omin (K }l% (m)) be the worst smallest non-zero singular value of the covari-

- ;
ance matrix K fl%(ﬂ) between the first and third view for action [ when acting according to

policy 7. Similarly, we define ;2. We also introduce Wi, := min min min w7(rl ) () and
le[A] ze[X] TEP

2
. 2 G T 2\/54‘1 . 2
N := max maxmax{ _;l , 16002YR, _( )1__9(7r) @(l)} log <2w>7 (17)
1€[A] mEP (@31)" A2 Wmin01,2,3 d

which is a sufficient number of samples for the statement of Thm. 3 to hold for any action

and any policy. Here @(l) is also model related parameter which is defined in Eq. 36. Then
we can prove the following result.
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Theorem 4 (Regret Bound) Consider a POMDP M with X states, A actions, Y ob-
servations, R rewards, characterized by a diameter D and with an observation matriz
O € RY*X with smallest non-zero singular value ox(0). We consider the policy space
P, such that the worst smallest non-zero value is @123 (resp. T1,3) and the worst smallest
probability to reach a state is Wmin. If SM-UCRL is run over N steps and the confidence
intervals of Thm. 3 are used with § = §'/N® in constructing the plausible POMDPs M,
then under Asm. 1, 2, and 3 it suffers from a total regret

Regy < CleT;XDX?’/Z\/AYRN log(N /&) (18)

with probability 1 — &', where Cy is numerical constants, and X is the worst-case equivalent
of Eq. 13 defined as

A= O'min(O)ﬂrzninal,?’Ei/;ﬁ (19)

Remark 1 (comparison with MDPs). If UCRL could be run directly on the under-
lying MDP (i.e., as if the states where directly observable), then it would obtain a re-
gret (Jaksch et al., 2010)

Regy < CvippDuvppX /AN log N,
where

Dypp := max min E[r(2/|z; )],
r,x'€EX ™

with high probability. We first notice that the regret is of order 6(\/N ) in both MDP
and POMDP bounds. This means that despite the complexity of POMDPs, SM-UCRL has
the same dependency on the number of steps as in MDPs and it has a vanishing per-step
regret. Furthermore, this dependency is known to be minimax optimal. The diameter D in
general is larger than its MDP counterpart Dyipp, since it takes into account the fact that
a memoryless policy, that can only work on observations, cannot be as efficient as a state-
based policy in moving from one state to another. Although no lower bound is available
for learning in POMDPs, we believe that this dependency is unavoidable since it is strictly
related to the partial observable nature of POMDPs.

Remark 2 (dependency on POMDP parameters). The dependency on the number of
actions is the same in both MDPs and POMDPs. On the other hand, moving to POMDPs
naturally brings the dimensionality of the observation and reward models (Y,X, and R
respectively) into the bound. The dependency on Y and R is directly inherited from the
bounds in Thm. 3. The term X3/2 is indeed the results of two terms; X and X'/2. The
first term is the same as in MDPs, while the second comes from the fact that the transition
tensor is derived from Eq. 7. Finally, the term X in Eq. 18 summarizes a series of terms
which depend on both the policy space P and the POMDP structure. These terms are
directly inherited from the spectral decomposition method used at the core of SM-UCRL
and, as discussed in Sect. 3, they are due to the partial observability of the states and the
fact that all (unobservable) states need to be visited often enough to be able to compute
accurate estimate of the observation, reward, and transition models.
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Remark 3 (computability of the confidence intervals). While it is a common as-
sumption that the dimensionality X of the hidden state space is known as well as the
number of actions, observations, and rewards, it is not often the case that the terms A\()
appearing in Thm. 3 are actually available. While this does not pose any problem for a
descriptive bound as in Thm. 3, in SM-UCRL we actually need to compute the bounds
Bg), B%), and Bg) to explicitly construct confidence intervals. This situation is relatively
common in many exploration—exploitation algorithms that require computing confidence in-
tervals containing the range of the random variables or the parameters of their distributions
in case of sub-Gaussian variables. In practice these values are often replaced by parameters
that are tuned by hand and set to much smaller values than their theoretical ones. As a
result, we can run SM-UCRL with the terms A\() replaced by a fixed parameter. Notice
that any inaccurate choice in setting A() would mostly translate into bigger multiplicative
constants in the final regret bound or in similar bounds but with smaller probability.

In general, computing confidence bound is a hard problem, even for simpler cases such as
Markov chains Hsu et al. (2015). Therefore finding upper confidence bounds for POMDP
is challenging if we do not know its mixing properties. As it mentioned, another parameter
is needed to compute upper confidence bound is ) 13. As it is described in, in practice,
one can replace the coefficient A() with some constant which causes bigger multiplicative
constant in final regret bound. Alternatively, one can estimate A() from data. In this case,

we add a lower order term to the regret which decays as %

Remark 4 (relaxation on assumptions). Both Thm. 3 and 4 rely on the observation
matrix O € RY*X being full column rank (Asm. 2). As discussed in Sect. 2 may not be
verified in some POMDPs where the number of states is larger than the number of obser-
vations (X >Y'). Nonetheless, it is possible to correctly estimate the POMDP parameters
when O is not full column-rank by exploiting the additional information coming from the
reward and action taken at step t + 1. In particular, we can use the triple (a1, Y41, 7¢41)

and redefine the third view V})(l) € RI*X g

l l . !
[Vs( )]s,i = P( é) = es|$2 =102 = l) = [V3( )](n,m,k),i
=P

v
(y3 =€n, T3 = €n,a3 = k‘l’g =1,a3 = l)’

and replace Asm. 2 with the assumption that the view matrix V3(l) is full column-rank, which
basically requires having rewards that jointly with the observations are informative enough
to reconstruct the hidden state. While this change does not affect the way the observation
and the reward models are recovered in Lemma 2, (they only depend on the second view

V2(l)), for the reconstruction of the transition tensor, we need to write the third view V3(l)

20



REINFORCEMENT LEARNING OF POMDPS USING SPECTRAL METHODS

as

[‘/3(”]8,1’ = [‘/{%(l)](n,m,k),i

Z]P’(yg = e, T3 = em,a3 = klrg =i,ap = |, 23 = j)P(23 = jlog = i,ap = 1)

<
Il
-

I
E

P(rs = emlrs = j, a3 = k)P(as = klys = e,)P(y3 = enlrs = j)P(23 = jlog = i,a2 = 1)

?.
S

= k‘lenz (emld, k) fo(enld) fr(jli, 1),

where we factorized the three components in the definition of V3(l) and used the graphical
model of the POMDP to consider their dependencies. We introduce an auxiliary matrix
W € R¥X such that

Wlsi = Wlnmp)j = fx(klen) fr(emls, k) fo(enls),

which contain all known values, and for any state ¢ and action [ we can restate the definition
of the third view as

W(T)i.1 = Vi1, (20)

Y

which allows computing the transition model as [T];.; = W' [%(l)]:7i7 where W1 is the
pseudo-inverse of W. While this change in the definition of the third view allows a significant
relaxation of the original assumption, it comes at the cost of potentially worsening the bound

on fr in Thm. 3. In fact, it can be shown that

S , , CrAYR |XAlog(1/6)
|FrClis0) = frCli ) < Bpi=, max Lo N (21)

Beside the dependency on multiplication of Y, R, and R, which is due to the fact that now

V3(l) is a larger matrix, the bound for the transitions triggered by an action [ scales with
the number of samples from the least visited action. This is due to the fact that now the
matrix W involves not only the action for which we are computing the transition model but
all the other actions as well. As a result, if any of these actions is poorly visited, W cannot
be accurately estimated is some of its parts and this may negatively affect the quality of
estimation of the transition model itself. This directly propagates to the regret analysis,
since now we require all the actions to be repeatedly visited enough. The immediate effect is
the introduction of a different notion of diameter. Let T(l) the mean passage time between
two steps where action [ is chosen according to policy m € P, we define
maxje 4 7.

leATrr
D ati0 = max 7@)7

(22)
T€P minge 7y
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as the diameter ratio, which defines the ratio between maximum mean passing time between
choosing an action and choosing it again, over its minimum. As it mentioned above, in order
to have an accurate estimate of fp all actions need to be repeatedly explored. The Do is
small when each action is executed frequently enough and it is large when there is at least
one action that is executed not as many as others. Finally, we obtain

Regy < 6(”}“ Y RDyaioN log NX32A(D + 1)).
While at first sight this bound is clearly worse than in the case of stronger assumptions,
notice that A\ now contains the smallest singular values of the newly defined views. In
particular, as Vg(l) is larger, also the covariance matrices K, ,» are bigger and have larger
singular values, which could significantly alleviate the inverse dependency on &2 and 72 3.
As a result, relaxing Asm. 2 may not necessarily worsen the final bound since the bigger
diameter may be compensated by better dependencies on other terms. We leave a more
complete comparison of the two configurations (with or without Asm. 2) for future work.

5. Conclusion

We introduced a novel RL algorithm for POMDPs which relies on a spectral method to
consistently identify the parameters of the POMDP and an optimistic approach for the
solution of the exploration—exploitation problem. For the resulting algorithm we derive
confidence intervals on the parameters and a minimax optimal bound for the regret.

This work opens several interesting directions for future development. 1) SM-UCRL
cannot accumulate samples over episodes since Thm. 3 requires samples to be drawn from a
fixed policy. While this does not have a very negative impact on the regret bound, it is an
open question how to apply the spectral method to all samples together and still preserve its
theoretical guarantees. 2) While memoryless policies may perform well in some domains, it
is important to extend the current approach to bounded-memory policies. 3) The POMDP
is a special case of the predictive state representation (PSR) model Littman et al. (2001),
which allows representing more sophisticated dynamical systems. Given the spectral method
developed in this paper, a natural extension is to apply it to the more general PSR model
and integrate it with an exploration—exploitation algorithm to achieve bounded regret.
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6. Table of Notation
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POMDP Notation (Sect. 2)

e indicator vector
M POMDP model
X, X,z (4,7) state space, cardinality, element, indices
V. Y,yn observation space, cardinality, indicator element, index
A, A a, (k) action space, cardinality, element, indices
R,R,r,r,m, rmax reward space, cardinality, element, indicator element, index, largest value
fr(@|z,a), T transition density from state x to state x’ given action a and transition tensor
foly|x), O observation density of indicator y given state x and observation matrix
fr(rjz,a),T reward density of indicator r given pair of state-action and reward tensor
m, fx(aly), 1T policy, policy density of action a given observation indicator y and policy matrix
Tmin, P smallest element of policy matrix and set of stochastic memoryless policies
frr(@|2) Markov chain transition density for policy m on a POMDP with transition density
fr
W, w7(rl ) stationary distribution over states given policy 7 and conditional on action [
n(mw, M) expected average reward of policy w in POMDP M
nt best expected average reward over policies in P

POMDP Estimation Notation (Sect. 3)

ve{l,2,3} index of the views
O 0

V% vth view and view matrix at time ¢ given a; =1
K l(,fz//, l(,lzl/ covariance matrix of views v,/ and its smallest non-zero singular value given
action [
MQ(I), Mél) second and third order moments of the views given middle action [
Ag), A}g), A:(Fl) estimates of observation, reward, and transition densities for action [
N, N(I) total number of samples and number of samples from action [
Co,Cr,Cr numerical constants
Bo, Br, Br upper confidence bound over error of estimated fo, fr, fr

SM-UCRL (Sect. 4)

Regy cumulative regret
D POMDP diameter
k index of the episode
]?:(pk), A}(%k), f(()k), M® estimated parameters of the POMDP at episode &

(
MF) set of plausible POMDPs at episode &
v (1) number of samples from action [ in episode &
NE)(1) maximum number of samples from action [ over all episodes before k
7k optimistic policy executed in episode k
N min. number of samples to meet the condition in Thm. 3 for any policy and any
action
[ worst smallest non-zero singular value of covariance Kl(/lz,, for any policy and
action
Wmin smallest stationary probability over actions, states, and policies
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Appendix A. Organization of the Appendix

(recovery) (symmetrization)

Thm. 2 Thm. 1
(regret) (learning)
(views) (tensor decomp.) H (tensor estimation) (conc. inequality)

Figure 2: Organization of the proofs.

We first report the proofs of the main results of the paper in sections B, C, D, E and we
postpone the technical tools used to derive them from Section I on right after preliminary
empirical results in Sect. F. In particular, the main lemmas and theorems of the paper are
organized as in Fig. 2.

Furthermore, we summarize the additional notation used throughout the appendices in
the following table.

Ao Concentration matrix
772([]) (y5°) mixing coefficient
p(i, 1) translator of 7'th element in sequence of samples given middle action [
to the actual sequence number
Silt 7'th quadruple consequence of states random variable given second action
l
sill i'th quadruple consequence of states given second action [
S{'l sequence of all S”I" for i’ € {i,...,j}
sill sequence of all "' for i’ € {i,...,j}
Bill i'th triple consequence of views random variable given second action [
bill i'th triple consequence of observation given second action [

Bl-ju sequence of all B'I' for i’ € {i,...,j}
bilt sequence of all b for i’ € {i,...,j}

For the tensor A € R¥%*d2-xd = and matrices {V; € R%™ : 4 € {1,...,p}}, the tensor
multi-linear operator is defined as follows
For the iy,142,...,%, — th element

I:A(‘/l’ V27 trty ‘/17)]7:171'2,...,7:;; Z Ajl7j27~~'7jpe{1727“'7p} [m]jl’il [‘é]jQ’Zé e I:‘/El)]jpyip
jl,j27---7jp6{1727---7p}
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Appendix B. Proof of Lemma 2

The proof proceeds by construction. First notice that the elements of the second view can
be written as

l l
Vel = V3" s
= IP’(y2 = en/|x2 = ’i,CLQ = l)P(T‘Q = 6m1|l‘2 = ’i,a2 = l)
= P(y2 = en’|x2 =i,a2 = l)fR(em’H’ l)7

where we used the independence between observations and rewards. As a result, summing
up over all the observations n/, we can recover the reward model as

Y
r(€m i, 1) Z (23)

for any combination of states ¢ € [X] and actions [ € [A]. In order to compute the observa-

tion model, we have to further elaborate the definition of V2(l) as
l l
V2 s = V3 Jr

_ Plag =z =i, yy = en)P(yy = e[z = 1) ‘P(ry = ep|ze =d,a9 =)
= o - a

P(CLQ = l‘xg = Z)
fﬂ(”en’)fO(en’|Z')fR(em’|iv l)
P(CLQ = l’xg = Z) ’

Since the policy fr is known, if we divide the previous term by f.(l|e,/) and sum over
observations and rewards, we obtain the denominator of the previous expression as

R Y )
z:: 2:: l\en T Plag =l = 0)

Let p(i,1) = 1/P(ay = ljxo = i) as computed above, then the observation model is

(n m'),i
o' enl) Z f yx ) 2y

Repeating the procedure above for each n’ gives the full observation model fg). We are left

with the transition tensor, for which we need to resort to the third view V(l), that can be
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written as

Valsi = Vil

j=1
X
= ZP(’!/?, = eyrlry = §)P(z3 = jlog = i,a2 =)
=1
]X
= folenld) fr(jli,1), (25)
j=1

where we used the graphical model of the POMDP to introduce the dependency on x3.
Since the policy fr is known and the observation model is obtained from the second view
with Eq. 6, it is possible to recover the transition model. We recall that the observation
matrix O € RY*X is such that [O],; = fo(ex|s), then we can restate Eq. 25 as

OT)i0 = [V3").. (26)

where [T);.; is the second mode of the transition tensor T' € RXXX*A " Gince all the terms
in O are known, we finally obtain [T);.; = Of [Vg(l)];,i, where Of is the pseudo-inverse of O.
Repeating for all states and actions gives the full transition model fr.

Appendix C. Proof of Thm. 3

The proof builds upon previous results on HMM by Anandkumar et al. (2012), Song et al.
(2013), Thm. 10, Appendix I, . All the following statements hold under the assumption
that the samples are drawn from the stationary distribution induced by the policy 7 on the
POMDP (i.e., frx). In proving Thm. 4, we will consider the additional error coming from
the fact that samples are not necessarily drawn from fr .

We denote by o01(A4) > o02(A) > ... the singular values of a matrix A and we re-
call that the covariance matrices Kl(,ll)j, have rank X under Asm. 2 and we denote by

a,(/l?j, = O'X(K,El,)/) its smallest non-zero singular value, where v,/ € {1,2,3}. Adapting
the result by Song et al. (2013), we have the following performance guarantee when the

spectral method is applied to recover each column of the third view.

Lemma 5 Let ﬁ:(,f)l € Rg?’ and @(rl)(z) be the estimated third view and the conditional
distribution computed in state i € X using the spectral method in Sect. 3 using N (l) samples.

Let w(l)

i = MiNgex wg)(:n) and the number of samples N(l) is such that
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2
G(m) P55
N(l) > 0 1—0(r) 0 1 g(QM)@(l) (27)
wmln min {Jmln( v )} Y
ve{1,2,3}
1
00 = max 216)((;)3 1,4, 0 2v2X 0 , (28)
C’lg((“‘}min)§ Clwm Velagl’:a}{amm(v )}

where Cy is numerical constants and dy,ds are dimensions of first and second views. Then
under Thm. 16 for any § € (0,1) we have

V9T = VT, < e

with probability 1 — 0 (w.r.t. the randomness in the transitions, observations, and policy),
where®

D:=@G 4\/5-1-2 log(Z(dl‘gd?)) 8eus ”
63( ) = ( ) (1) 1 - 0 ( )
( mln) (1_9(71')) Wy
and
2241 10g(M)
) < 2v2G(m) 255 N (64G(7r)f\_/9§;§$) log(2{d1d2+ds) )
(@007 min {ownW)?  min {Zai@O) YV NO

ve{1,2,3} v€{1,2,3}

Notice that although not explicit in the notation, e3(I) depends on the policy 7 through
the term wr(fl)m.
Proof We now proceed with simplifying the expression of e3(l). Rewriting the condition

on N(I) in Eq. 27 we obtain

inrdny . (@O min {02, (VT
10g(2 1 26 3 ) < min V€{172,3} mlH
N@D T G(m) 32t

7. More precisely, the statement should be phrased as “there exists a suitable permutation on the label of
the states such that”. This is due to the fact that the spectral method cannot recover the exact identity
of the states but if we properly relabel them, then the estimates are accurate. In here we do not make
explicit the permutation in order to simplify the notation and readability of the results.

8. Notice that e3(!) does not depend on the specific state (column) i.
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Substituting this bound on a factor log(2%) /N(l) in the second term of Eq. 29, we
obtain

2v341 , [log(2 02t 2v2+1
D) < 22w~ w0 (16355 log(2(1d5+4s))
~ ((w® V3 ; (O3 : 2 ) @ 15 N(I) ’
i min Vu : V,, .
(@h? min (aun(VDP ( min (2, (V)
which leads to the final statement after a few trivial bounds on the remaining terms. |

While the previous bound does hold for both the first and second views when computed
independently with a suitable symmetrization step, as discussed in Section 3, this leads to
inconsistent state indexes. As a result, we have to compute the other views by inverting
Eq. 4. Before deriving the bound on the accuracy of the corresponding estimates, we
introduce two propositions which will be useful later.

Proposition 6 Fir ¢ = (1,2,---,5v2RrA)) @ point in (Y2)RA — 1 simplex.” Let & be
a random one-hot vector such that P(€ = e;) = ¢ for all i € {1,...,(Y)2RA} and let
N

£1,€9,...,&N be N i.i.d. copies of § and S = % ZE]- be their empirical average, then
J

R log (1/6
s I < 2L,
with probability 1 — §.
Proof See Lemma F.1. in Anandkumar et al. (2012). [ ]

Proposition 7 Let IA(?(Q be an empirical estimate of Kg()l)l obtained using N (1) samples.

Then if

log(1/§
N(l) > 4%7 (30)
(0'3,1)2
then
log (1/6) 1
N{) 2 log(g)
IS = (BED 2 < < ,
’ l log (1/§ @ N(l
‘715»71 B %v((zé Loy ©

with probability 1 — §.

Proof Since Kél)l = E[vél) ® vgl)] and the views are one-hot vectors, we have that each

entry of the matrix is indeed a probability (i.e., a number between 0 and 1) and the sum

9. Such that Vi =1,...,d* ¢ >0and ) ;s = 1.
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of all the elements in the matrix sums up to 1. As a result, we can apply Proposition 6 to
K?Eq and obtain

log (1/4)
N{)

[
1K) — B < (31)

with probability 1—4J. Then the statement follows by applying Lemma E.4. in Anandkumar et al.
(2012). [ |

The previous proposition holds for Kéq as well with Jé{)l replacing aél’)l. We are now

ready to state and prove the accuracy of the estimate of the second view (a similar bound
holds for the first view).

Lemma 8 Let 172(” be the second view estimated inverting Fq. 4 using estimated covari-

ance matrices K and V3(l), then if N(l) satisfies the conditions in Eq. 27 and Eq. 30 with
probability 1 — 36

~ 21
173" = 3 Ll = €20) = gy ea(0):
73,1

Proof For any state i € X and action [ € A, we obtain the second view by inverting Eq. 4,
that is by computing

(@)

To derive a confidence bound on the empirical version of IDYAC proceed by first upper
bounding the error as

l l =>(1 l !
Vs T = Vo lally <IEST — B Il GBS DI VA ]l
! l
+ BN IS~ <K31>T|r VALl
! l l
+IED I E D P51 = Vi Ll

)
) *y

The error HKél)l — I?él:)tHQ can be bounded by a direct application of Proposition 6 (see also
Eq. 31). Then we can directly use Proposition 7 to bound the second term and Lemma 5
for the third term, and obtain

N 3 [log (%)  18e3(l) _ 2lez(l)
H[Vz(l)]ni [V H2 = I = n
AVNO T

where we used H(K?(,l%)THQ < 1/@%, HKS?[H2 < 1 and H[Vg(l)];,ng < 1. Since each of the
bounds we used hold with probability 1 — J, the final statement is valid with probability at
least 1 — 34. |
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We are now ready to derive the bounds in Thm. 3.
Proof [Proof of Thm. 3] We first recall that the estimates fR, fo, and fT are obtained by
working on the second and third views only, as illustrated in Sect. 3.
Step 1 (bound on fg). Using the empirical version of Eq. 5, the reward model in state ¢
for action [ is computed as

Y
o~ . (1l
fr(emlil) = Z [V2( )](n’,m’),i-

n/=1

Then the ¢1-norm of the error can be bounded as

R
1Fr(li) = frClE DI = Y | frlemlisl) = fr(enli, )]

M=

"= ¥ "
< 30 3 | s = V5 ety
m/'=1n'=1
ROY l 172
< TR S (178~ 8

where we use ||v]|; < VY R||v||2 for any vector v € RY . Applying Lemma 8 we obtain

- , ' Cr Y Rlog(2Y Y ALR)
IfR(12,1) = fr(1E DIl < Br = 3 (v,f”)}\/ N() —

3
2 .
min

l l
o§) (@)

min) min {U

ve{1,2,3}
where Cg is a numerical constant.

Step 2 (bound on p(i,1)). We proceed by bounding the error of the estimate the term
p(i,1) = 1/P(ag = l|xo = i) which is computed as

R Y 0 940
. ~ |[V ]n’m’i_[v ]n’m’,2| 1 l l
o,0) = pli, D] < 30 37 it < o 1) -
m/=1n'=1 & n min
VYR ! l
0 H[Vz( T — VY] ill, <21 om0 = 60 1), (32)
T inin 03,1 min
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)

where 7 ;= mingey fr(l|y) is the smallest non-zero probability of taking an action ac-
cording to policy .

Step 3 (bound on fp). The observation model in state i for action ! can be recovered by
plugging the estimates into Eq. 5 and obtain

& (
o (ewli) Z fw z|en )

where the dependency on [ is due do the fact that we use the view computed for action I.
As a result, the £1-norm of the estimation error is bounded as follows

- Yy & a0 )
. 1 [‘/2 ](n’ m’)i [Vé ](n’ m’),i
f(l)enfl f e |t) < < SEIGAUCHIC ", 7)
;r 5 (ewli) = folew!i) n/Z:lm,:l e\ 300 R
~( . l
< L ZY: ZR: p('l,l)([V2 )](n/ m/) T [V2 ](n 7m/),2) + [V2( )](TL, m'),l (p(’l7l) — p(%l))
- TrI(Ill)in n'=1m'=1 (4, 0)p(i,1)
Y R 0 ) ‘ v R
1 H‘/Z ](n/ m/) T [‘/2 ](n/ m/) Z| ‘p('l, l) _ p(27 l)| l) >
é Dl s V n!'.m’).i
ﬂ-I(Illin(n’E::lmZ::l pli, 1) p(i,1)p(i, 1) <nZ::1mZ::1[ 2 ),)
@ 1 (V YR\ 50 (1) |p(i,l) p(z,l)| R 0 >
= o \7a Vol = V7 Lilly + - Vol imy i
7Trrllin p(z’l)H[ | V'l H2 p(i,1)p(i,1) <m'§=:1[ >l )’)
® 1 [/VY
= <—1<A R i) + 2] >
Toin p(i,1) p(i, ) p(i, 1)
(c)
< —é <21\/YR63((;)) + e ,l)>,
T o
min 3.1

where in (a) we used the fact that we are only summing over R elements (instead of the
whole Y’ R dimensionality of the vector [VQ(Z)];,Z-), in (b) we use Lemmas 5, 8, and in (c) the
fact that 1/p(i,1) = Plag = l|xg = 4] < 1 (similar for 1/p(i,1)). Recalling the definition of
€p(i,1) and Lemma 5 and Lemma 8 we obtain

62
I75'C10) = Joli)lh < —— V¥ Res(D)

min

o Co YRlog(27Yz+§/AR)
=bBo = Q
(Vo)}

URYRCINORE: N ’
(ﬂ—mln) 01,3( mln)2 EI{IRQB}{U

min

where Cp is a numerical constant. As mentioned in Sect. 3, since we obtain one estimate
per action, in the end we define fo as the estimate with the smallest confidence interval,
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that is
fo - J?(()l*)7 I* = arg n}&? 38)7
{fo’}
whose corresponding error bound is
fe - ; : Co Y Rlog(2Y2+YAR)
|l fo(en]i) — fo(enli)|| < Bo := min , \/ ‘
oA @ 2o wi)} min {03, (W) NG

ve{1,2,3}

The columns of estimated O) matrices are up to different permutations over states, i.e.
these matrices have different columns ordering. Let’s assume that the number of samples

for each action is such a way that satisfies Bg) < dTO, VI € [A]. Then, one can exactly
match each matrix O®) with O®") and then propagate these orders to matrices V2(l) and
Vg(l), VI € [A]. The condition Bg) < dTO, VI € [A] can be represented as follow

16C2Y R

N(l) > , VielA
02 ote 4]

Step 4 (bound on fr). The derivation of the bound for fr is more complex since
each distribution f7(-|z,a) is obtained as the solution of the linear system of equations in
Eq. 26, that is for any state ¢ and action [ we compute

[T = O V)., (33)

where O is obtained plugging in the estimate ]?0‘10 We first recall the following general
result for the pseudo-inverse of a matrix and we instance it in our case. Let W and W
be any pair of matrix such that W = W + E for a suitable error matrix FE, then we
have Meng and Zheng (2010)

— 1++5 —
W= 7 < 2 o {0 157 1 (34)
where || - [|2 is the spectral norm. Since Lemma 8 provides a bound on the error for each

0

column of V2l for each action and a bound on the error of p(i,1) is already developed in

Step 2, we can bound the f5 norm of the estimation error for each column of O and O as

|0 = 0|2 <0 —-0|F < \/X;%Bg). (35)
S

We now focus on the maximum in Eq. 34, for which we need to bound the spectral norm of
the pseudo-inverse of the estimated W. We have ||O||z < (ox(0))~! where ox(O) is the
X-th singular value of matrix O whose perturbation is bounded by ||O — O||2. Since matrix

10. We recall that fo corresponds to the estimate fg) with the tightest bound Bg).
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O has rank X from Asm. 2 then

51 < ot <] 10-0l2\ _ 1 10 = Ol
02 < (0x(0)) " < ox(0) <1+ ox(0) > < ox(0) <1+ ox(0) >

We are now ready to bound the estimation error of the transition tensor. From the definition
of Eq. 33 we have that for any state ¢ = 1,..., X the error is bounded as

= = A l > ! A
Tt = Tictlls < IITs = Toalla < 107 = Ol |V fla + [T — V15107 2.

In Lemma 5 we have a bound on the f5-norm of the error for each column of Vg(l), thus we
have H‘A/g(l) - Vg(l) l|l2 < H‘A/g(l) - Vg(l) | < 18v/Xe3(1). Using the bound on Eq. 34 and denoting
HVB(I) lla = Jmax(Vg(l)) we obtain

HTi,;,l—Ti,;,zﬂz
1+v5[0 - Ollr 10 —O|lr 0 1 10— O|r
< 1 max 18v X 14+ —
S 5 o0 T oxo) om0 8*/_63(”@(0) T ok (0)
<2 (1 n M) (omax(Vi)10 — Ol + 18V X es(1)).
ox(0) ox(0)

Finally, using the bound in Eq. 35 and bounding Jmax(‘/})(l)) <VXMH

7 4 )
Tig—Tiall2 < X 18V X es3(l
T30 = Ticll2 ax(O)( }Q[%BO + 18V X e3( ))

- Cr \/X2YRlog(8/6)
" ox(0)(r )20y (Wi min {03, (Vi) N@

min min I/E{172,3} min

thus leading to the final statement. Since we require all these bounds to hold simultaneously
for all actions, the probability of the final statement is 1 — 3A4. Notice that for the sake
of readability in the final expression reported in the theorem we use the denominator of
the error of the transition model to bound all the errors and we report the statement with
probability 1 — 24 A are change the logarithmic term in the bounds accordingly.

|

Appendix D. Proof of Theorem 4

Proof [Proof of Theorem 4] While the proof is similar to UCRL Jaksch et al. (2010), each
step has to be carefully adapted to the specific case of POMDPs and the estimated models
obtained from the spectral method.

11. This is obtained by HVS(DHQ < \/fHVS(l)Hl = VX, since the sum of each column of VS(l) is one.
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Step 1 (regret decomposition). We first rewrite the regret making it explicit the regret
accumulated over episodes, where we remove the burn-in phase

t(k+1) _q

Regy < Z < Z ( — T !Et,Wk(Z‘/t)))>
t=t(¥)
K ¢+ _1
=5 ¥ ( -1y :Eth(!h)))
k=1 t=t(k)

where 7 (¢, i (y,)) is the random reward observed when taking the action prescribed by
the optimistic policy 7, depending on the observation triggered by State ;. We introduce
the time steps 7*) = {¢ : t®) < ¢ < ¢*+DL TR () = [t € TO 2, = 1}, T®(2,1) =
{t € T® : 2z, = 2,4, = I} and the counters v(¥) = |T(k |, v®) (1) = |T(k)(l)|, v (z,1) =
|7 (2,1)], while we recall that N*)(I) denotes the number of samples of action [ available
at the beginning of episodes k£ used to compute the optimistic policy 7. We first remove
the randomness in the observed reward by Hoeffding’s inequality as

t8®-1 _ ) ~ v(F) log % )
PloY rlenmul) € o™ 0r( )~ ra| oyt | (NP )| <6
t=t(k) x,l

where the probability is taken w.r.t. the reward model fr(-|z,a) and observation model
fo(+|x), F(x,1) is the expected reward for the state-action pair x,l. Recalling the definition
of the optimistic POMDP M®FE) = arg max ;¢ v k) Maxrep n(m; M), we have that n™ <
n(M (k); %K)y = (%) | then applying the previous bound in the regret definition we obtain

K X A

Regy <> 3 > v 0) (7 — 7. 1)) +runacy/N1og 173,

k=1z=1[=1

AK)

with high probability, where the last term follows from Jensen’s inequality and the fact that

Step 2 (condition on N(I)). As reported in Thm. 3, the confidence intervals are valid
only if for each action [ = 1,..., A enough samples are available. As a result, we need to

compute after how many episodes the condition in Eq. 9 is satisfied (with high probability).
—(0)

We first roughly simplify the condition by introducing @ ; = min;ep mingcx wﬂl () and

2
@(l) log(2Y + YAR)'
(V(l))} )

— { 4 16CAYR C3
(o

N := maxmax , )
P2 A% @l)? min {0}

le[A]
ve{l,2,3) 0 min
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1
16X 2v/2X
C(13 (wmin) 8 1%min Velﬁlgg}{amm( )}

We recall that at the beginning of each episode k, the POMDP is estimated using N (k)(l)
which is the largest number of samples collected for action [ in any episode prior to k,

ie., N® (1) = max ., v*) (). Thus we first study how many samples are likely to be
collected for any action [ in any episode of length v. Let T](\?Jr is the mean passage time
between two steps where action [ is chosen according to policy m € P then we define
](\? = maxXrecp 7'](\14) = maxrep E[T (1,1)], where T (l,1) is random variable and represent the
passing time between two steps where action [ is chosen according to policy m € P. By

Markov inequality, the probability that it takes more than 27'](\? to take the same action [

is at most 1/2. If we divide the episode of length v into v/ 27'1(\14) intervals of length 27'1(\14) , We

have that within each interval we have a probability of 1/2 to observe a sample from action [,
0]

and thus on average we can have a total of v/47;; samples. Thus from Chernoff-Hoeffding,
we obtain that the number of samples of action [ is such that

]P’{Hle [A]: v(l) > — — ”log(‘?/‘s)} >1-4.
47'](\/[) 27'](\/[)

At this point we can derive a lower bound on the length of the episode that guarantee that
the desired number of samples is collected. We solve

v |vlog(A/6)

50

>N,
47’1(\? T

and we obtain the condition

Vo > \/2 log(A/0) + \/27'M log(A/d) + 167 (l)W,

which can be simplified to
v > = 247 Nlog(A/5). (37)

Thus we need to find a suitable number of episodes K such that there exists an episode
k' < K such that v*") satisfies the condition in Eq. 37. Since an episode is terminated when
an action I (v®)(1)) is selected twice the number of samples available at the beginning of
the episode (N*)(1)), we have that at episode k there was an episode in the past (k' < k)
with at least 2¢ steps with ¢ = max{n € N : An < k}, where A is the number of actions
(i.e., after Ac episodes there was at least one episode in which an action reached 2¢ samples,
which forced the episode to be at least that long). From condition in Eq. 37, we need
2¢ > 7, which in turn gives K > Alogy(7), which finally implies that K < Alog,(7) 4 1 is
a sufficient condition on the number of episodes needed to guarantee that all the actions
have been selected enough so that the condition of Thm. 3 is satisfied. We are just left with
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measuring the regret accumulated over the first K episodes, that is

K41+ 1 K+1 K+1 N
( — T xta 7Tk yt ) < 7qmax U < Tmax A2 < 4TmaxA2 < 4Armax(v + 1)7
k=1 ¢=¢(k) k=1

(38)

where in the first step we maximize the per-step regret by rn.x and then we use a rough
upper bound for the length of each episode (as if the length is doubled at each episode) and
finally we use the upper-bound on K.

Step 3 (failing confidence intervals). Even after the first K episodes, the confidence
intervals used to construct the set of POMDPs M%) may not be correct, which implies
that the true POMDP M is not contained in M*). We now bound the regret in the case
of failing confidence intervals from Thm. 3. We have

K it _q

K N
R™ =3 ( > (0 = rilenFalw,) 1M¢M(’”> < Timax )0 Lyrganto < Tmax Y targ o,

k=1 t=t(k) k=1 t=1

where M® denotes the set of admissible POMDPs according to the samples available at
time t. We recall from Step 2 that the number of steps needed for the statement of Thm. 3
to be valid is T = 4(T+ 1). If N is large enough so that f < N'/4 | then we bound the regret
as

LN1/4J N N
Rfall < Z tJ]‘M%M(t) + Z t]lMQM(t) < \/N—F Z tﬂ-M%M(t)'
=1 t=|N1/4]41 =N/ ]+1

We are left with bounding the last term. We first notice that if we redefine the confidence
intervals in Thm. 3 by substituting the term log(1/8) by log(t6/3), we obtain that at any
time instants ¢, the statement holds with probability 1 — 24A46/t5. Since
i 244 _ 244 /00 244 24A  24A _ 144A _ 304
L

il el _ < -
t=|N1/4 |41 6 = NG/ N1/4] t6 dt N6/4 + 5N5/4 = 5N5/4 — N5/4°

then M is in the set of M®) at any time step |[N'/*| < t < N with probability 1 —
30A5/N 5/4 " As a result, the regret due to failing confidence bound is bounded by v N with
probability 1 — 3045 /N%/4.

Step 4 (reward model). Now we focus on the per-episode regret A%*) for k > K when
M 1is contained in M}, and we decompose it in two terms

A

<ZZ” z,1) (7 xz)+zz ) ,1) (FO (. 1) = 7(w,1))

z=1[=1 z=11[1=1
(a)

(0)
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where 7¥) is the state-action expected reward used in the optimistic POMDP M®E) . We
start by bounding the second term, which only depends on the size of the confidence intervals
in estimating the reward model of the POMDP. We have

Z ‘ﬂ’ﬂ(x’,z) - f(x/,l)‘

v®) (1) max ‘?’(k) (x,1) — 7(x, l)‘

where Bg’l) corresponds to the term Bg) in Thm. 3 computed using the N (k)(l) samples

collected during episode k) = arg maxyy -1, v (1).

Step 5 (transition and observation models). We now proceed with studying the first
term (a), which compares the (optimal) average reward in the optimistic model M®) and
the (optimistic) rewards collected on the states traversed by policy 7*) in the true POMDP.
We first recall the Poisson equation. For any POMDP M and any policy 7, the action value
function Qr ar : X x A — R satisfies

Qra(z.0) = F(z,a) nﬂ+ZfT |, a (wa &) Qe (! 0))) (39)

= 5 7(@,0) ZfT \xa(sz 2)Qn (', 0))) = Qe pa(a.0).

where fr(a'lz’) = 3, fo(ylz’) fx(a'ly) and terms such as 7 and fr depend on the specific
POMDP. We define the function Q, 5/(z,1) as
min Qr v (x,1) — max Qnrm(z,1)

@n,M(xJ) = Qr(z,1) — = 2 )

which is a centered version of Q ar(z,1). In order to characterize @, we introduce a notion
of diameter specific to POMDPs and the family of policies considered in the problem

D = max min E[T (2", I'|M, 7, x,1)],
z,x’€[X], L,I€[A] m€P

where T'(2',I'| M, 7, z,1) is the (random) time that takes to move from state x by first taking
action [ and then following policy 7 before reaching state 2’ and performing action I’. An
important feature of the diameter is that it can be used to upper bound the range of the
function Qr s computed using a policy derived from Eq 14 in an optimistic model. The
proof of this fact is similar to the case of the diameter for MDPs. We first recall the
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definition of the optimistic policy

=(k) _ .

T = argmax Mlél/%()%k) n(m; M), (40)
while My, is the optimistic model. The joint choice of the policy and the model can be
seen as if a POMDP M™ with augmented action space A’ is considered. Taking an action
a’ € A’ in a state x corresponds to a basic action a € A and a choice of transition, reward,
and observation model from M®*). We denote by PMP) e corresponding augmented
policy space using P and the set of admissible POMDPs M) As a result, for any aug-
mented policy 7 executed in M ™ we obtain transitions, rewards, and | observations that are
equivalent to executing a (standard) policy 7 in a specific POMDP M € M®) and vicev-
ersa. As a result, computing 7*) and the corresponding optimistic model M®) is equivalent
to choosing the optimal policy in the POMDP M™. Since the true POMDP of diameter
D is in M®) with high-probability, then the diameter of the augmented POMDP M™ is
at most D. Furthermore, we can show that the optimal policy has a Q-value with range
bounded by D. Let us assume that there exists state-action pairs (x,a), (z',a’) such that
Q%(k)’ﬁ(k) (z,a) — Q%(k)’ﬁ(k) (',a") > rmaxD. Then it is easy to construct a policy different
from 7*) which achieves a better Q-value. We already know by definition of diameter that
there exists a policy moving from x to 2’ in D steps on average. If from z’ the optimal
policy is followed, then only rp.D reward could have been missed at most and thus the
difference in action-value function between x and z’ cannot be larger than ry,.,D + 1, thus
contradicting the assumption. As a result, we obtain

H%EZX Qg(k%ﬂ(la) (z,a) — Hxlian Qg(k%ﬂ(la) (7,a) < rmax D (41)
and thus
(D+1)

G%(k)’ﬁ(k) (‘Ta a) (‘Ta l) < Tmax

By replacing Q with Q in the Poisson equation for the optimistic POMDP characterized by
the transition model f;k) and where the observation model is such that the policy 75 takes
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actions according to the distribution fﬁ(;,z) (+|z), we obtain

Z (a'la, 1) (lZ (@10 @0 700 (@ @) = Qi 700 (@)
—Z 2z, 1) (lzlma 1) @sc0) 570 (251
- ZfT #'Je, 1) (wa)<r|:c'>amm (a',1))

+ZfT e, 1 (Zm) (V2@ 700 (@) = @0 5700 (2 1)

= ZZ (2’|, 1) f (k)(l |2") — fr(az, 1) fro (I ’w/))@%(k)7ﬁ(k)(x,7l/)

(c)
+ Z fT($l|$a ) < Z Sk (l/|$/)@%(z€),fvﬂk) (x/v l/)> - @%(zﬁ),fvj(k) (z,1).
x’ 4

¢ ()0

The term (c) can be further expanded as
Z Z ( /’w l fT(wl‘xJ))]?((k)(l ‘x/) - fT(wl‘xJ)(f((k)(l ‘x/) - f%(k)(l/’wl))>§%(k),ﬁ(k) (x/a l/)
(Z 0@ e0) = fr(a'le. )|+ Y fr(')a,1 DM X 12') = froo (1) ) 1@s000 570 oo

(d) (d')

where we used the fact that ), f((k)(l’ |z') = 1. For the first term we can directly apply
the bound from Thm. 3, Eq. 12 and obtain

(d) = | F (|2, 1) = (e, Dl < 2V/XBED.

As for (d’), the error in estimating the observation model is such that

N =SSP wle!) — folyla) £ () = Z\fé’“ (yla") — folylz")| < 2BY.
Y

l/

Plugging back these two bounds into (c) together with the bound on Q%(k) T (1), we
obtain ’

D+1
(0) < 2V/EBED 4 BB, 2T
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The term (a) in the per-episode regret is thus bounded as

(a) <2(VXBEFY + BY) max(D;D +¢® (2,0).

Step 6 (Residual error). We now bound the cumulative sum of the terms ¢(¥)(z,1). At
each episode k we have

X A t(k+1)
=1 [=1 t=t(k) =z’

we introduce the term @%(1@) AT (T¢41,lt+1) and we obtain two different terms

X A
PIDIRAICRISACN)
=1 =1

t(k+1)

= > o) (me) (V2" Qz0 3700 (2, l)) — Qxo0 10 (Te41, L1
t=t(k)
+ Q%(k)’]\“j(k) (xt+17lt+l) Q~(k) M) (xult)

$(k+1)

Z 3 fr(@ze k) (Zm (12 @00 570 (#'51)) = Qrar 700 (@21, l641) +7max D,

—=t(k)

Y:

where we use the fact that the range of @%(k) 17(r 18 bounded by the diameter D. We notice
that E[Y;|z1,a1,y1,- .., %, a8, 9¢] = 0 and |Y;] < rpaxD, thus Y; is a martingale difference
sequence and we can use Azuma’s inequality to bound its cumulative sum. In fact, we have

N
S Y; < Dy/2N log(N%/1/6)

t=1

with probability 1 —6/N 5/4 " As a result we can now bound the total sum of the terms ¢(*)
as

X A N
Z Z U(k 33‘ l C(k 33‘ l Z + TmaxKD < 'r'maxD\/2N lOg N5/4/5) + rmaXKD
z=11=1 t=1

Step 7 (per-episode regret). We can now bound the per-episode regret as

k) = (k) (k.0) () | k) (D+1)
< Z’U (l)2 BR + (\/YBT + BO )rmax 9 :
=1
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Recalling the results from Thm. 3, we can bound the first term in the previous expression
as

(k)
A(k) < 3Tmax(D + 1) d' log(NG/é) (CO + Cgr + CTX3/2) Z U)\(k(ll)) N(I})(Z)'

=1

Since the number of samples N (k)(l) collected in the previous episode is at most doubled in
the current episode k, we have that N®*)(1) > v(¥)(1)/2, then we obtain

1
k 3/2
A®) < 9r a0 (D + 1)\/v<k>d/ log(N©/8)(Co + Cr + CrX*/?) J0axX | Sy

Step 8 (bringing all together). Now we have to recollect all the previous terms: the
number of episodes needed to use Thm. 3 (Step 2), regret in case of failing confidence
intervals (Step 3), and the per-episode regret (Step 7). The result is

Regy
K
6 7 5/4 (k)
< Funa (/N 108 (NO/0) + AArma(0+ 1) + YN + DyJ2N108(N¥4/8) + e KD ) + > A,
Step 1 Step 2 Step 3 Step 6 k=K+1

The last term can be bounded as

K
> A< w\/w/ log(N6/6)(Co + Cr + CrX?/?).

k=K+1

where \ = ming ; A&D and it is defined as in the statement of the theorem. Since K is a
random number, we need to provide an upper-bound on it. We can use similar arguments
as in Step 2. Given the stopping criterion of each episode, at most every A steps, then
length of an episode is doubled. As a result, after K episodes, we have these inequalities

K K/A
N = Zv(’f) > Z ok > oK/A
k=1 k'=1

As a result, we obtain the upper bound K < Ky < Alogy N. Bringing all the bounds
together we obtain the final statement with probability 1 — 6/(4N%/4).
|

Appendix E. Proof of Remark 2 in Section 4

We first prove the bound on the transition tensor, which requires re-deriving step 4 in the
proof of Thm. 3.
Proof
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Step 4 (bound on fr). The derivation of the bound for fr is more complex since each
distribution fr(:|z,a) is obtained as the solution of the linear system of equations like Eq. 7,
that is for any state ¢ and action | we compute

[T]i,:,l = WT[‘/g(l)]Ja

and derive transition tensor as follows

T = WL, (42)

where W is obtained plugging in the estimates of fo and fR and the policy fr. We first
recall the following general result for the pseudo-inverse of a matrix and we instance it in
our case. Let W and W be any pair of matrix such that W = W + E for a suitable error
matrix F, then we have Meng and Zheng (2010)

1+5
2 m

W= W, < ax{uw*uQ, uw*uz}uEuz, (43)

where || - ||2 is the spectral norm. From the definition of W and V2(l) we have

[W]s,j = [W](nmk fﬂ(k‘en) (em’j7 ) (en’j)
Vallsi = Va o mrys = p(0, 1) fr(Ulens) folen i) fr(emli, D).

Then it is clear that any column j of W is the result of stacking the matrices VQ(Z) over
actions properly re-weighted by p(i,1), that is
(DT (T (ANT 9T
V V Vo]t
[W]J _ [ 2 ] g o [ 2 ] i [ 2 ].,]

p(j,1) p(G.)  p(,A)

The same relationship holds for W and 172(”. Since Lemmas 8 and Eq. 32 provide a bound
on the error for each column of Vz(l) for each action and a bound on the error of p(i,l) is
already developed in Step 2, we can bound the {3 norm of the estimation error for each

column of W and W as

A RY y v, N2
1], — W z||2_zz< S

7
I m'n

Following similar steps as in Step 3, each summand can be bounded as

(1 l
< Ty = V52
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Then the ¢9-norm of the error is bounded as

. A -0 A 1 1 2 RY "
Wl..—[Wl.ille < V. Vol — = Vo 12,
Il < o[ SN 00 + §£<maw MLD)735[2hnmLZ

IN
(]
SA
5
[\):
=
7N
=
|
—
S =
=
N————
Do

<Y (202 () +eplinl)) < 40\/Y—RZ 63 :

) ()
=1 031 =1 03 17Tmm

Now we can bound the spectral norm of the error in estimating W as

W =Wl < [V — W]|r < 40VXY Zj% (44)

=1 03 lwmzn

We now focus on the maximum in Eq. 34, for which we need to bound the spectral norm
of the pseudo-inverse of the estimated W. We have HWTHQ < (o X(W))_ where ox (W) is
the X-th singular value of matrix W whose perturbation is bounded by HW W||2. Since
matrix W is a rank X matrix on Asm. 2 then

T ot o] IV =Wl IW = Wil
Wl < (ox (W)™ < (V) <1+ o (V) > < ) <1+ o (V) >

We are now ready to bound the estimation error of the transition tensor. From the definition
of Eq. 33 we have that for any state ¢ = 1,..., X the error is bounded as

= = T l ol D\ 1T
1Tt = Tovalle < Ty = Toatlle < W = W[Vl + [V = VO o |[WH 2.

In Lemma 5 we have a bound on the f5-norm of the error for each column of V(l), thus we
have H‘A/g(l) - Vg(l) l|l2 < H‘A/g(l) - Vg(l) | < 18v/Xe3(1). Using the bound on Eq. 34 and denoting
HVB(I) lla = Jmax(Vg(l)) we obtain

A 1+ V5 |W =W W — W||p . n ; 1 |
it = Tisallz < — T <1+70X(W) > max(V3") + 18V X 3(1)70X(W) <1+
W —W|r
= o (W) <1+ T )( Omax(Va )W = W |[p + 18V Xes(l ))
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Using the bound in Eq. 44 and amax(V3 ) < VX we obtain

| Tiet — Ticall2 < o (7 )(40\/ X?YR Z + 18@63(1))

=1 03 17Tmm

< CrVAX?YR max V 710%(5/5),
ll

thus leading to the final statement for the bound over confidence of transition tensor. M

We now move to analyzing how the new estimator for the transition tensor affects the
regret of the algorithm. The proof is exactly the same as in Thm. 4 except for step 8.
Proof

per-episode regret: The per-episode regret is bounded as

D+1)
A(k < 2 (kl (k7l) (k) max( .
E o (B + By + By’ )r 5

All the terms can be treated as before except for the cumulative regret due to the transition
model estimation error. We define Ay = Z][::f{ﬂ 224=1 v®) (1) (Béfc’l))rmax(D + 1), which

gives

A (k)
CPVXIYR [log(N®/5)
_ ®) (WX T &
AT = g Tma:c(D + 1) ; v (l) X l’g?.)iA )\(k:)(l’) 'U(k) (l/) .

Let 7'](\? . the mean passage time between two steps where action [ is chosen according to

policy m € P and restate a w-diameter ration D] ;

()

Dﬂ' _ maXjec A TMJT
ratio — . 0)
min;e A TM,T('

and D atio

Dratio = max DT
P ratio*

We need the following lemma which directly follows from Chernoff-Heoffding inequality.

Lemma 9 By Markovian inequality, the probability that during 27’1(\2) . the action [ is not
1

visited is less than 5. Then during episode k

1 o

1
Pl < 2 (k) log(=) Y <
{o®@) < 25 V! og(5)} <
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On the other hand we have

(k) 1
P{o®(1) > o+ [o® log(1) } <6
27'M’7T o
o\, (V(k)(l’))
L t — T max\ V3 th
et Cr zeA,ker?k&}ﬁk,gN} NI en
3 A
Ar < XE\/YRTmaM/log (D+1 ZZ‘/U(k
kEoi1=1
From Lemma 9 we have that
% + v(k) log(%)
) v (1) el "M
@)= min o) (1') = 1 o) R Jog( L
lVeA 2 @ VY 0g(3)
2maXTM
log(4) log (1) ,log (&
< 2D;rat10 + 8Dra‘clo max M7r Og ? Og(](g)é + 16 max T](\l4 ) Og(lg)(g)7
v v

with probability 1 — 26. The first term dominates all the other terms and thus

(a") < 2DF,

ratio

< 2Dratio

with probability at least 1 — §. Thus we finally obtain

K A
: 1 2
> > oW B rmax(D +1) < X2VY Rria [log 5(D + 1)\/2Drat10%\/AN
k=K+1 =1

with probability at least 1 — 2K yd. Then with probability at least 1 — §(8A + 5K ) the
regret is bounded by the final statement. |

Appendix F. Experiments
In the following section, we show how SM-UCRL algorithm outperforms other well-known

methods in both synthetic environment and simple computer game.

F.1. Synthetic Environment

In this subsection, we illustrate the performance of our method on a simple synthetic en-
vironment which follows a POMDP structure with X = 2, Y =4, A =2, R = 4, and
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Tmae = 4. We find that spectral learning method converges quickly to the true model
parameters, as seen in Fig. [F.1]. Estimation of the transition tensor T takes longer com-
pared to estimation of observation matrix O and reward Tensor R. This is because the
observation and reward matrices are first estimated through tensor decomposition, and the
transition tensor is estimated subsequently through additional manipulations. Moreover,
the transition tensor has more parameters since it is a tensor (involving observed, hidden
and action states) while the observation and reward matrices involve fewer parameters.

For planning, given the POMDP model parameters, we find the memoryless policy using
a simple alternating minimization heuristic, which alternates between updates of the policy
and the stationary distribution. We find that in practice this converge to a good solution.
The regret bounds are shown in Fig. [F.1]. We compare against the following policies:
(1) baseline random policies which simply selects random actions without looking at the
observed data, (2) UCRL-MDP Auer et al. (2009) which attempts to fit a MDP model to the
observed data and runs the UCRL policy, and (3) Q-Learning Watkins and Dayan (1992)
which is a model-free method that updates policy based on the Q-function. We find that
our method converges much faster than the competing methods. Moreover, it converges
to a much better policy. Note that the MDP-based policies UCRL-MDP and Q-Learning
perform very poorly, and are even worse than the baseline are too far from SM-UCRL policy.
This is because the MDP policies try to fit data in high dimensional observed space, and
therefore, have poor convergence rates. On the other hand, our spectral method efficiently
finds the correct low dimensional hidden space quickly and therefore, is able to converge to
an efficient policy.

F.2. Simple Atari Game

In the following subsection, we illustrate the performance of our method on an environment
of simple computer Game. In this game, as it is shown in Figs. [F.2,F.2], the environment
is 10 x 10 grid world and this grid world environment contains 5 sweet (green) and 5
poisonous apples (red). The environment uniformly spread out these apples in the grid
world. In addition, each of these sweat and poisonous apples lasts either uniformly for
(1,2) time steps or being eaten by the agent. In this game, there exist an agent who is in
interaction with the corresponding environment and has either set of actions (N, W,S,E) or
set of actions (N,NW,W,SW,S,SE,E,NE). At each time step the agent chooses an action
and based on the direction of that action, she deterministically moves to new location by
one step toward that direction. If there is an sweat apple at new location which is not
expired yet, the agent will score up by one, score down by one if it is poisonous one. The
agent score nothing when the reached apple is expired by the time. This process adds more
randomness to the rewarding process. To bring more detail about the game, when the
action is one of (N, W,S,E) and results in new location which is wall, the agent remains at
her previous location. If one of (NW,SW,SE,NE), which are a combination of two directions
ends up to the wall, the agent remains at her previous location in the coordinate orthogonal
to the wall and goes one step further toward the other direction. In this game, at each time
step, the agent just partially observes the environment, Fig. [F.2] just one single box above
of the agent is visible to her, and Fig. [F.2] just three boxes above of her are observable.
The randomness on rewarding process and partial observability bring the notion of hidden
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Figure 3: (a)Accuracy of estimated model parameter through tensor decomposition. See
Egs. 11,10 and 12. (b)Comparison of SM-UCRL-POMDP is our method, UCRL-
MDP which attempts to fit a MDP model under UCRL policy, € — greedy Q-
Learning, and a Random Policy.

structure and push the environment more toward to POMPD models rather than MDP
models.

For single box observable setting, the observation set has cardinality of 4, (wall, sweat
apple, poisonous apple, nothing). For this environment, let’s model the environment behav-
ior as POMDP model with number of states equal to 3 (X=3). We apply our SM-UCRL
method on this environment and, for planning, given the POMDP model parameters, same
as before, we find the memoryless policy using a simple alternating minimization heuristic,
except here we add some level of randomness to the policy matrix and reduce this random-
ness level when the number of episodes grows. In addition, we reimplement DNN (Deep
Neural Network) algorithm proposed in Mnih et al. (2013) and make to interact with same
environment. For this DNN, we consider three hidden layers DNN with 10 hidden units at
each hidden layer with hyperbolic tangent activation function. For back propagation, we
use RMSProp method which is shown to be robust and stable. Figs. [F.2,F.2] show the
performance of both SM-UCRL and DNN when the action set is (N, W,S,F) and when it
is (N,NW,W,SW,S,SE,E,NE). We show that not only SM-UCRL captures the environment
behavior faster than DNN but also reaches to the better long term average reward. We run
DNN couple of times and represent the average performance as it is shown in Figs. [F.2,F.2].
DNN some times gets stuck in some local minima and it results in bad performance which
deduces the its average performance.

In other setting, when three of boxes are observable Fig. [F.2], the observation set has
cardinality of 64, four possible observation for each of three boxes (we know that some
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Figure 4: (a)Accuracy of estimated model parameter through tensor decomposition. See
Egs. 11,10 and 12. (b)Comparison of SM-UCRL-POMDP is our method, UCRL-
MDP which attempts to fit a MDP model under UCRL policy, € — greedy Q-
Learning, and a Random Policy.
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Figure 5: (a) Action set (N, W,S,E) (b)Action set (N,NW,W,SW,S,SE,E,NE).
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Figure 6: Performances in triple boxes observable environment, Action set
(N,NW,W,SW,S,SE,E,NE).

configurations are not possible and there are some constraint, e.g. when the middle box
is wall the rests have to be wall as well, for simplicity we do not consider this reduction).
We model the environment behavior as POMDP model with number of states equal to 8
(X=8). We apply our SM-UCRL method on this environment and for planning we use same
technique that we used in previous subsection. We show how SM-UCRL outperforms DNN
with same structure except 30 hidden units at each hidden layer.

During the implementation, we observed that SM-UCRL does not need to estimate the
model parameter very well to get to reasonable policy. It comes up with the stochastic and
reasonably good policy even from the beginning. On the other hand, we observed that the
policy makes balance between moving upward and downward and makes balance between
moving rightward and leftward to keep the agent away from the walls. It helps the agent
to gain more and wander around the area which has less limitation compared to the area
around the walls.
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Appendix G. Concentration Bound

Concentration of functions of a HMM We now provide concentration bounds for any
matrix valued function ¢(-) over samples drawn from a HMM. This extends the result on
scalar functions by Kontorovich et al. (2014).

For any ergodic Markov chain, lets consider w as its stationary distribution and fy_¢(xz¢|z1)
as a distribution over states at time t given initial state x1. Lets define inverse mixing time
Pmiz(t) as follows

pmzx(t) = sup ||f1—>t(|$1) - WHTV
x1

Kontorovich et al. (2014) show that this measure can be bounded by
pmzx(t) < Get_ly

where 1 < G < o0 is geometric ergodicity and 0 < 6 < 1 is contraction coefficient of
Markov chain.

As before, let y" := [yy,...,y,] € V" denote the sequence of observations from HMM
and let z" := [z1,...,2,] € X" denote the sequence of hidden states. We now consider
matrix valued function ® : Y — R4 *% Tt is said to be ¢-Lipschitz with respect to spectral
norm when

[2(y") — (y"™")

P
sup <c
yn,y/meyn Hyn - ymHH
where || - ||z is norm with respect to Hamming metric, and y”,y’" are any two sequences

of sample observations.

Theorem 10 (HMM Concentration Bound) Consider Hidden Markov Model with fi-
nite sequence of n samples y; as observations from finite observation set y"™ and arbitrary
initial state distribution. For any c-Lipschitz matriz valued function ®(-), we have

1+ —1
" n en di+d
I5(7) ~ B, < G—222E fscon 1og( (Dt 02

with probability at least 1 — §, where G is geometric ergodicity constant of correspond-
ing Markov chain, and the E[®(y™)] is expectation over samples of HMM when the initial
distribution corresponds to the stationary distribution.

Proof In the Appendix. H |

Theorem 11 (POMDP Concentration Bound) Consider Partially Observable Markov
Decision Process with finite sequence of n(l) samples ygl) foralli e {1,2,...,n(l)} VI € [A]
as observations from finite observation sets y™V and arbitrary initial state distribution. For
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any c-Lipschitz matriz valued function ®'(-) function, we have

1+ —1
n n cn2 dy +d
Jo't ) —mio 0], < 6B g )

with probability at least 1 — §, where G is geometric ergodicity constant of corresponding
Markov chain, and the E[®(y"1)] is expectation over samples of POMDP with middle
action | when the initial distribution corresponds to the stationary distribution.

Proof In the Appendix. H |

Appendix H. Proof of Thms. 10 and 11

The proof is based on the results in Tropp (2012), Kontorovich et al. (2008), and Kontorovich
(2014) with minor modifications and applying the following inequality

1+ L
2 S < 2cn 2
1_9\/80 - +n(1—9)_G g 8c nlog(ié )

here we just bring the sketch of the proof. In Thm. 12, we give the upper confidence bound
over ||® — E[®]||, where the expectation is with same initial distribution as it used for
®. The next step is finding upper bound for difference between E[®] with arbitrary initial
distribution and Egq[®] with initial distribution equal to stationary distribution. It is clear
through Kontorovich et al. (2014) that this quantity is upper bounded by ), GO~=1 which
is upper bounded by (ITGQ).

Appendix I. Concentration Bound

Theorem 12 (Matrix Azuma) Consider Hidden Markov Model with finite sequence of
n samples S; as observations given arbitrary initial states distribution and ¢ — Lipschitz
matriz valued function ® : S} — RU*% in dimension dy by da, then

(dy + da)

1
_ < - 2
| E[fb]llg_l_e\/&nlog( 5 )

with probability at least 1 — 6. The E[®] is given same initial distribution of samples.
Proof The Thm. 7.1 Tropp (2012) presents the upper confidence bound over the sum-

mation of matrix random variables. Consider a finite sequence of d by d' matrix ¥;, then
for variance parameter o which is upper bound for >, [¥; — E;_;[¥,]], Vi

!
< \/80210g(d§d )

2

D (i — B [94]]

(2

o7

et al.
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with probability at least 1 — 4.
For the function ®, lets define the martingale difference of function ® as the input random
variable with arbitrary initial distribution over states.

MD;(®;S}) = E[®|S]] — E[®|S] ]

where S{ is sub set of samples from i'th position in sequence to 7'th one. then the summation
over these set of random variable gives E[®|ST] — E[®] which is ®(ST) — E[®] and E[®] is
expectation with same initial state distribution . The remaining part is finding ¢ which
is upper bound for ||>°, M D;(®; S{)H2 for all possible sequence. Lets define M D;(®) =
maxgi MD;(®; 1) and through Kontorovich et al. (2008) it is easy to show that [[M D;(®)||,
is ¢ — Lipchitz function and it is upper bounded by cH; . In Kontorovich et al. (2014) it
is shown that H; , is upper bounded by G0(n — i). [ |

For the case when @ is symmetric matrix, d; + dy can be reduced to just d and constant 8
can be reduced to 2

The result in Thm. 12 can be extended to the situation when distribution of next state
depends on current state and current observation and even more complicated models like
memory-less policy POMDP.

Theorem 13 (Concentration Bound) Consider finite sequence of multiple views are
drawn from memory less policy POMDP with common middle action and their correspond-

ing covaritance matric 'v,(/l% ® 'U(Vl,)t for v, € {1,2,3} and v # V. For simplicity, lets just
consider one set ofl/ V', one specific middle action, and n samples are drawn. Define ran-
dom variable ®; := N { [Zt (lt ® 'v(l) ] - [Et t® v ,)t Si- 1” with dimensions

d, x d,» where d, and d forv,v € {1, 2 ,3} are the dimension along the v and V' views.

1 1

with probability at least 1 — 9.
For tensor case, [ [Zt t®v ,)t ® v(,), t S’} [Zt vl(,lzt ® 'v(Vl,{t ® ’v,(,l,),’t

[v, vV, V"] can be any permutatzon of set {1,2,3}.

G(r) log 7([1”;[1”')
—1-6(n) N(1)

Si_ln where

1
'mzt:[ (l)®v(,)t®'v( }— Z'v ®v(,)/t]

with probability at least 1 — §.

Proof

For simplicity lets just proof the first claim in Thm. 13 and the proof for the second
claim would be followed by same procedure. To proof the Thm. 13 it is needed to bring
together the results from Tropp (2012), Kontorovich et al. (2008), Thms. 10 , and 12 and
then modify them. The Thm. 7.1 in Tropp (2012) presents following upper confidence
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bounds

1 1 M o0
N Zt: [ ] - WE[Z,; ”ul,t ® vl/l’,t]

with probability at least 1 — §. And

< \[3(@, )10 Bt )

2

~v, v v dydy + dyn
'*——E:[“%aﬁh®v(]—- B ol o ()]r£¢&aw’>%%§———i—l

Triples 5
2
with probability at least 1 — . It is needed to show that (535’;;"8)2 < % and
~-7-/’-// G 2
(.;":“i;les)2 = %

For the function ® : ST — R¥1%d2 where ST is a collection of all possible {S1, So, ..., S}
with length n. Its martingale difference is defined as follows

MDi(®; 81) = E[@|$}] — E[0]S5]™]
and then M D;(®) = maxsi M D;(®; St).

The upper bound over O’P s is as follows

511 I/
Pazrs

2

Where Uy is a fixed sequence of matrices which follows M D; < U, for all possible M D; and
vt. This bound over Triple tensor can be derived after matricizing the martingale difference.
Next step is to upper bound the HZt Ut2H2.

Lets define new set of variables; given each action (middle action) a; = [ there are the
following set of variables; Bl is collection of

Yp(i)—1 Cp(i,)) =15 Tp(,1) =15 Yp(i 1) Tp(i,l) > Yp(il)+1s

where Bl is i’th triple with middle action equal to I and p(i,1) is its corresponding position
in the original sequence. Lets define variable S, which is consequence of four hidden states
Tp(il) =1 Tp(i,l)s Tp(i,)+1s Tp(il)+2- L he variables qull and SZN, for ¢ < j, are corresponding
to set of consecutive ¢ — j triple views and quadruple hidden states. Note that this is the
time to define mixing coefficients.

27.7

1 o) = BB B =57 o) —p(B B =0 )|

where TV is total variation distance between distributions and

_(1 1l
)= sup (071 0, 0)
b o0
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where ]P’(Biu = bi_lll, 0,1) and ]P’(Biu = bil_lu, ¢'.l) are nonzero for all possible input vari-

ables. Then for Ay

1 ifi=j
(Anw)ig =1 a0} ifi<j
0 otherwise.

_(1 _
and Hn(l),i:1+n(7z')+1+"'+77

2

0
i,n
Martingale Difference . To upper bound for GIV)’Z;TS, it is enough to upper bound
HZ?:l Ut2H2 or directly upper bound HZ?:l M Dt2H2 for all possible sequence of samples.

The result in Kontorovich et al. (2008) shows that this is upper bounded by Z:L:(ll) |MD;(®)) Hg
and each || M D;(®))||, < cH, ; when the ||®||, is ¢ — Lipschitz.

In addition, it is obvious that for the class of moment functions with elements in [0, 1]

the ¢ is upper bounded by = for the purpose of this paper. The remaining shows the
N(D)

upper bound over H,, ; and then Z?:(ll) HEH

Lemma 14 The function H,, ; is upper bounded by % and then Z?ZI(CHW-)2 < nC2(1€_;Z%Q‘ <
G?(m)
n(1=0(x))?

Proof As it mentioned, H, ;) ; =1+ ﬁgi)ﬂ + ...+ 77@(2, and it is needed to find the upper

bound over 1 + ?72-(?“ +...+ ﬁz(lf)z

a7 0, 0)

1 N NI pill i1l N NI mi—1|l i—1|l
=5 > BB =B =0 oty — BB = 6 B = 67 o))

J
Nl
b

For the first part

p(BYON = VOl gl i1l )

=Y RBYON = YO gl il gNOI_ NOW il _ =il

J
il N
51,55
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Lets assume, for simplicity, that the hidden states on s do not have overlap with states
on st and i+,

P(BN(I)\I N(l |l|Bzu bi—l\l’g’l) _

Z B(BNON = pNOI Bi=tll _ i1l gl _ 1 gNOI_ NI
it NN

il _ gl gNOIE _ NI 1

1 §1 59 J IP’( z\l _ bzl_m, 0,1)

-2 OO = R = B o s = 5 5)

z\z z_v(z)u

(] 7 1
P(S] |l _ sl”,sjv( i _ sj.v(l)”) ' |

PBI =pi1 o1
with this representation
1) /pi—1J1 NI N N, il il aN()|
m(])(b \7& Z’ Z P(B —bj()I\Sj()‘:sj()‘)]P’(SI—sll,S]()‘:S»
N(l)\l z\l N(l)\l
P(Q,Z|Si‘l — Sz’|l) ]P(Ql l|5i|l — Sz’|l)

1 (]P)(Bill _ bzl—1|l7 0, l) ]P)(Bill _ bi_l‘l, Ql,l))

1) rpi—1Jl 1 N N\ N N 1|l il N[ N
w0 0.) < L30T BENON = O g0 MOlp(gll i gV O

gill si\l
1
i i1l i i, Plo, S = st P(o, 1S = st
P(B1| =b | ’9/7”51‘ = 31‘ )( i 1]l - i a1, )|
P(Bl :bl 7Q7l) P(Bl :bl 7Q7l)

1) ;i—1]l 1 il _ il N i i1l i1l 5 qill il g
g e <5 3 ISR = s @ a2 (a = b 1] = (s

P =1L il
S1

where

1) e P(o,1|S = v) P(o', 1|5 = v)
q(v,1) = TS - TS T
P(By"=b; ",0,l) P(By =b ", 0,1
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then
) (il <} PP~ GO+ sl
”77,]( 7Q7Q —2 Z |Z x |x ) (S 7)|
2P =1l gill
1 —1ly,p(iD)+20l |l
<3 Y 1Y Bt ) n(s', 1)
2P =11 gp(i,D+1]t 2P+ gp(iDI Zp(i,h) =111
1 . . _ .
< 5 Z Z )—1|l|$p(z,l)+2|l)h(xp(z,l)+2\l’l)|
P11 pp(i,1)+2]1

where

)= > sy = sy ey = b 1S = s1g(w,0)

i—1|l
S1

(xPGOF2 ) = > (s 1)

e+ (iDL gp(i) =111

as a consequence

) by Vo d) < H h' P

1

where P% = P(gP0)= 1 gp(D+20), Through Lemma A.2 in Kontorovich et al. (2008)
and Kontorovich et al. (2014), when ) _h(z,l) = 0 and %HhHl < 1, it is clear that

nl-(jl-)(bi_l‘l,g, 0'), and also ﬁg) can be bounded by 3 HBTHlG(W)H(ﬂ)p(j’l)_p(i’l)_‘l. To ver-
ify >, h=0and % H}_LHl <1

Z E(xp(i’l)+2|l,l) — Z Z z|l Zh z|l

2P0 +2]l (0421l xp(i,zmu,xpu,lw,xpu,l)fw silt
= > psy = sy pemy =6 s = ()
z\l
51
. P(S z\l Z|z \P(B il _ Z 11 l|Sz|l Z|l) P(p, 1Sl = sill) P(o, 1|51 = il
Z 1 51 il i1l o =1 i1l
P(Bl _bl 7Q7l) P(Bl _bl 7971)

z\l
S1

For the first part of parenthesis

ZP z\l z|l (Bz 1y bz 1 l‘SZ“ Z\I) P(Qvuszu :Sill) -1
P( ol

|l i—1|1
z\l Bl = bl 0,
51

and same for the second one. This shows the conditions for the Lemma A.2 in Kontorovich et al.
(2008), 3", h(z,1) =0 and 3 HhH1 <1, are met.
The presented proof is for the case of non-overlapped with states of S, for the other cases,

62



REINFORCEMENT LEARNING OF POMDPS USING SPECTRAL METHODS

the overlapped situation, the proof is pretty much similar to the non-overlapped case. Now,
it is the time to upper bound HAN(l) HOO

N(1) n(l) n(l)

Hui=1+ i) <l+maxy ny < Gr Ze Pl < G(m) Y 0(n)!
Jj=t >t ]

1—6(x)"®

==

Define Eg: as the expectation with initial distribution equals to stationary distribution.
Generally, in tensor decomposition, we are interested in

L (l) (l) _ L (l) (l)
N(l) Z: [U”’i ¥ ”w,z} (D) et [Ei: Vit ® Uyl

2
R R ARSI SRR |
instead of
1
'N—Z[ o]~ PR ool
2
1 l 0
= i ® | vi OV O ”']
'N Zt:[ v } Z'v v v 2

which are derived through Thm. 13. To come up with the upper confidence bound over the
above mentioned interesting deviation, it is needed to derive the upper bound for deviation
over expectation with arbitrary initial state distribution and expectation with stationary
distribution over initial states, for simplicity, lets just derive the bound for second order
moment.

H—E Z'v(l ®v —N—Estat Z’U(l ®”

As the bound ¢; over deviation from stationary distribution of Markov chain follows € =
G(m)0(m)~". It results in

1 O o .0 0)
H WE[EZ: Vi ® Uu’,i] Estat Z CHYE ’U

2

which is negligible compared to 6(%)
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Corollary 15 These result hold for pure HMM model. For tensor case, where [v,v/, V"] is
any permutation of set {1,2,3}.

l

with probability at least 1 — & and

G log (dvtd,r) Ed”')

<
=1\ o)

t

1 1
~7 nt @ V| = B[ vy @y
NU)Z:Pt ”4 N E;”t Yvit

2

(dv /+d 1)
< G ¢§g
ST a

with probability at least 1 — §. The deviation bound is as follows

1 1
H NE[%: Vy,i X vl/’,i] - NEstat [EZ: Vyi ® vu’,i]

Proof Through Kontorovich et al. (2008) and Kontorovich et al. (2014) it is shown that
for the HMM models, the value of H,,; is bounded by 1G6 and then it means that the

corresponding martmgale difference is bounded by {=%. In the consequence, the UH MM.®

1 1
N ; |:,vl/,t (039 vy’,t X ’Uyn’ti| — NE[; 'Ul,’t &® vl/’,t ® Uu”,t]

G

=INa-9)

is bounded by (1 6) |

Appendix J. Whitening and Symmetrization Bound

Theorem 16 (Whitening, Symmetrization and De-Whitening Bound) Pick anyJ.
Then for HMM model with k hidden state and its multi-view representation with factor ma-
trices A1, Aa, A3, and finite observation set with dimension di,do,ds corresponds to multi-
view representation, when the number of samples with arbitrary initial state distribution
satisfies

2

G2V2+1 L
n> ‘ 1_92 log (2 (didy + d3) ) max 16k‘13 4, = 2\‘/51{,‘ !
Wnin Ming {0} (A4;)} 0 C%u3 C2Wiin ming {07 (A;)}

min

for some constant C . After tensor symmetrizing and whitening, with low order polynomial
computation complexity, the robust power method in Anandkumar et al. (2012) yield to
whitened component of the views uy, ..., , such that with probability at least 1 — &, we
have

5 — (1) |l2 < 18ens
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for j€{1,...,k} up to permutation and

n

3
lo 2M
2v/2G 22 log<%> <4G2{§;1 825 >>
em < 4 .

(5550 i {4 (4,)) )9 (i o (A0l

min

Therefore

|40d) = Ay, < s

forie{1,2,3}, j €{1,...,k} up to permutation and
di+d
WW2+4  [log(2lird)y o ge),

+
(Wmin)% (1-0) n “min

e3:=G

Proof Appendix K. |

Appendix K. Whitening and Symmetrization Bound Proof

Proof of Thm. 16

In Appendix I, the upper confidence bounds for deviation between empirical pairs matrices
and tensor from their original ones are derived. As it is shown in Song et al. (2013) and
Anandkumar et al. (2014) for multi-view models with factors A; € RU*F A, ¢ Rdzxk,
Az € RIsxk (three view model with &k hidden states), to derive the factor matrices, applying
tensor decomposition method is one of the most efficient way. They show that for tensor
decomposition method, it is needed to first; symmetrize the initial raw empirical tensor
and then whiten it to get orthogonal symmetric tensor. It is well known that orthogonal
symmetric tensors have unique eigenvalues and eigenvectors and can be obtained thorough
power method Anandkumar et al. (2014).

Without loss of generality, lets assume we are interested in Ag, the derivation can be done for
other view by just permuting them. Assume tensor M3 = E[v; ® vo ® vs] is triple raw cross
correlation between views, and matrix Ro and R3 are rotation matrices for rotating second
and third view to first view. It means that it results in symmetric tensor Ms3(R1, Ra,1).
Through Anandkumar et al. (2014) these rotation matrices are as follow

Ry = E[vz ® vo|E[v; ® vg] ™!
Ry = E[vz ® v1|E[ve @ v1] 7!

Define second order moment as My = E[v) ®v2| and its symmetrized version as My (Ry, R2).
Lets W € R4*k be a linear transformation such that

My(RyW, RoW) = W T My (Ry, R))W =1
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where I is k x k identity matrix. Then the matrix W = UA_% where My(R1, Ry) =
UAVT is singular value decomposition of Ms(R1, R2). It is well known result that tensor
M3 (W, Wo, W3) = Ms(R1W, RoW, W) is symmetric orthogonal tensor and ready for power
iteration to compute the unique (As); Vi € [1...k] .

(columns of factor

To come up with upper confidence bound over H(A\g)z — (A3); )

matrices), it is needed to aggregate the different source of error. This deviation is due to
empirical average error which derived in I, symmetrizing error, and whitening error.

To obtain the upper bound over the aggregated error, lets apply the following proof
technique. It is clear that for matrix Mg, we have WTRTMQRQW I. lets assume,

matrices B, D, B as a singular value decomposition of WTRTMQRQW = BDB'. Then it
is easy to show that for Wi = Wi BD 2B, Wy = WQBD—%BT, and W3 = WBD 2B T
then

Wy MoWy = I
and then the e,
€M = HMZ&(WI,W%WZi) - 1\73(/1/‘71,/1/‘72,/”73)“2
5 0 5 s~ 5 - 5
It means

enr < [t =3 | [T ], [, [, + [t = 2, = 0, s = W

Lets assume U172A1,2V1T2 = M, is singular value decomposition of matrix M,. From

WTRlTMgRQW = I and the fact that WlUl’gA% = Wng,gA% which are the square root
of matrix M, and to be able to learn all factor matrices we can show that [|[W;]], <

. 1 — < — 1 fori € {1,2,3}. Now, it is clear to say, when H]\/@ — M2H <
ming O—k(AiDiag(w)?) w2, min; O'k(A,L) 2

0.50(Mz) then ‘ Wi , <12 foric {1,2,3} and

wflin mini Ok (A,L)

25| -

(wr2nm min; oy, (AZ ) ) 3

s =] [, [ 7], |75, <

To bound the second term in €,y

ﬁHDzag 2A (W W)

HM3 (W — W1,W2 Wz,W3—W3 H <

2

then

HDiag(w)%Ai(Wi - Wi)

= HDz‘ag(w)%AiTWi(BD%BT _ I)H2 ’ HDiag(w)%AiTNZ

ot 0]

2 2
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We have that HDiag(w)l

W, , = 1. Now we control H(D% - I)H2. Let E := My — F,
where F' = ]\72, and F} is its restriction to top-k singular values. Then, we have HE H2 <

“]\/4\2 — M2H2 + o1 (F) <2 “]\/4\2 — M2H2. We now have

|@s =1, < |0 -+ 1| <i0-D)l,=||BDBT - 1) = | (W 22— 1)

(45)
S 4 HM2 "
= v B, <[l e, 2 |7 - 2], < (46
( mln i n; O-k?(A ))2
As a conclusion it is shown that
_ 4| Mo- M|,
2\/§HM3_M3H w% min; oy (A;))2 ( )
e < T + min 47
(w2, min; o3 (4;))3 V@min
when H]/W\Q — M2H2 < O.50’k(M2).
Through Appendix I, the followings hold
2 1 1 2(d1+d2)
HMQ_MQH <G\f+ og(25)
-0 n
1+ =1 [ 2(dady )
=
2 1—40 n
with probability at least 1 — §. It is followed by
PR
. log(2--5-2°)
9341 , [ log(241dztds)) 4G2\/2+1 —
_ 212G \1/:-5 - N -0
eM < -
(62 min 4 (47))? (min; 0% (40)
with probability at least 1 —§. To this result holds, it is required H]\/ig — Mo < 0.50 (M)

and from Anandkumar et al. (2012) that ep; < \/_ Then for the first requlrement

2

G2\/§+1 d
n > T - log(2Ll j; 2))

0.5(w?. min; oy (A;))?

min
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and for the second requirement €;; < % to be hold it is enough that each term in Eq 47 is
upper bounded by % for some constant C.

o ( 2d1do+d3)

= 1

vk (w2 min; oy (A;))3
then

212G 2241 2(dydy + d
ne () o AR
C(w2;, min; o1 (A4;))3
and for the second part
(dq +ds) 3
2v2+1 , [ log(2-527)

N

— >

VE = (min;op(4;))Sw3h

1
ks G2YZEL dy +d
n - 1-0 T 10g(2( 1—(; 2))

C3 (min; o (4;))%w 2

It means it is enough that
2
(o
~ \ Wmin Min; a,%(A,-)
1
max log(QM)maX 126kf ,4 ,log(2(d1d2 +d3)) 3 2\/.§k 5
nggnn ) C?wWmin min; 0} (A;)
which can be reduced to
. GR2H g2 12 + ) 1665 2v/2k
= - min; o2 (A, & K} ) max 2 L 0T 02y, . '-2(A4)
Wmin MIN; O’k( Z) O3 w3 Wmin MIN; 03 Aj

min

In Anandkumar et al. (2014) it is shown that when €y, = HM3(W1’ Wo, W3) — ]\/4\3(/1/171, /Wg, Wg)”

then the robust power method in Anandkumar et al. (2012) decomposes the tensor and
comes up with set A\; and orthogonal fi; where

< 55eprs

k
HM?,(Wh Wa, W3) — Z )\iﬁ?g
( 2
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~1/2

~ 1/2
w; T — Al /

, < Bemw;

and

‘wi—lp —Xi

< 5enm (48)
It can be verified that

i = paill2 < 18enr.

Proof In order to simplify the notation, in the following we use p = p;, w = w;, and
(=w, Y 2, similar terms for the estimated quantities. From above mentioned bound, we
have

¢ — Cally = 11¢te = B) — (€ = Qfl, < 8¢es(D).

We take the square of the left hand side and we obtain

d
16— 1) — €= Q) = Cllu— 7l + € — OIIAlE - 2¢¢ — O S [@ls(luls — [als)

s=1

d
> - il - 2¢1¢ — 31| D (luls — [7,)
s=1

> |l — All3 = 2¢I¢ = Cllallle — Al

where in the last step we used the Cauchy-Schwarz inequality. Thus we obtain the second-
order equation

Clli = ll3 = 2(¢ = Ollallzlw = Ailla < 64¢es (D).

Solving for ||u — fi]|2 we obtain

¢ = CllAll + /(¢ - O2IIal + 64¢2¢3,
: |

Now we can use the bound in Eq. 48 and the fact that ||z|l2 < ||f]l1 < 1 since i is a
probability distribution and obtain

i — a2 <

Senr + 1/25€2, + 64¢2€
i = il < V CM M :%(5+\/25+64g2) S%M(10+8§).

Plugging the original notation into the previous expression, we obtain the final statement.
Finally, since ¢ = wdd (4)~Y/2 and wd s a probability, we have 1/¢ < 1 and thus

[ — Hill2 < 18ens-
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which all results are up to permutation. |

Lemma 17 (De-Whitening) The upper bound over the de-whitened p; is as follow

4y/2 + 2 log (2{8tda) | Sew

2 (Wmin) 2 (1 — ) n Whnin

<G

= [ cas)s = (),

(49)

Proof As it is shown in Anandkumar et al. (2012), to reconstruct the columns of views
Ay, Ag, Az, de—whltenlng process is needed. It is shown that the columns can be recovered by
(A41); = VV1 Aittiy (Ag); = VV2 Aiti, and (As); = W3 i For simplicity, let just investigate
the third view, the process for other two views is same as third view.

| (42): = (A,

o < 78 =W vt |3

it — Nl )

< Bem

= (wmin)? ‘

WTH <1, and ||l <

it is clear that ‘ Aifti — /\Z,ul

Winin ©
1 ) i, <2
2 2 2

where the last inequality is inspired by Eq 45. Then

— 8¢
H(AS)i — (A3)i|| < My — M2H + M T
2 Wmin wmin) 2
Therefore
—~ 42 42 log(2ld1td2)y g,
€3 1= H(Ag)l — (Ag)l <G T ( ) ) + M (50)
2 (wmin) 2 (1 — 0) n Wmin

|
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