JMLR: Workshop and Conference Proceedings vol 49:1-64, 2016

Reinforcement Learning of POMDPs using Spectral Methods

Kamyar Azizzadenesheli * KAZIZZAD @UCI.EDU
University of California, Irvine

Alessandro Lazaric ' ALESSANDRO.LAZARIC @INRIA.FR
Institut National de Recherche en Informatique et en Automatique, (Inria)

Animashree Anandkumart A.ANANDKUMAR @ UCI.EDU
University of California, Irvine

Abstract

We propose a new reinforcement learning algorithm for partially observable Markov decision pro-
cesses (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 opti-
mal 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 Pro-
cess, 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 using the experi-
ence 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 be-
tween 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 com-
pute the optimal policy of the estimated environment (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.
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Most of RL literature assumes that the environment can be modeled as a Markov decision pro-
cess (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 estima-
tion 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 solv-
ing 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 strat-
egy (element 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 frame-
work, (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 decomposi-
tion 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 according 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).!

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 fT(x/ |z, a),
fo(y|x), and fr(r|x,a) defining state transition, observation, and the reward models. Given a

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 combinatorial bandit), where the focus is on the exploration—
exploitation strategy rather than the optimization problem.



REINFORCEMENT LEARNING OF POMDPS USING SPECTRAL METHODS

sequence of observations, actions, and rewards generated by executing a memoryless policy where
each action a is chosen N (a) times, there exists a spectral method which returns estimates fr, fo,
and fgr that, under suitable assumptions on the POMDP, the policy, and the number of samples,
satisfy
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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 Reg,; 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 observa-
tions, A actions, and R rewards, with a diameter D defined as
D= max minE [T((L'/, a'lx,a; 77)] ,
r,r’'e€X,a,a’€A T

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 parameters from
noisy observations of hidden states, the regret of SM-UCRL is similar to the case of MDPs, where
the regret of UCRL scales as O(Dypp X 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 Dypp measures the mean passage time using state—based policies (i.e., a policies map-
ping 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 performance 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 memoryless (Krishnamurthy et al., 2016).
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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 vari-
ables 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 im-
portant 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 stan-
dard 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. This is common in applications
such as spoken-dialogue systems (Atrash and Pineau, 2006; Png et al., 2012) and medical applica-
tions (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 confidence 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 spectral method
cannot use samples generated from different policies and the length of each episode should be care-
fully tuned to guarantee that estimators improve at each episode. Furthermore, the analysis requires
redefining the notion of diameter of the POMDP. In addition, we carefully bound the various per-
turbation terms in order to obtain efficient scaling in terms of dimensionality factors.

Finally, in the Appendix F, we report preliminary synthetic experiments that demonstrate su-
periority of our method over existing RL methods such as Q-learning and UCRL for MDPs, and

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 con-
trol (Abbasi-Yadkori and Szepesvari, 2011), and reinforcement learning (Ortner and Auer, 2007; Jaksch et al., 2010).
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also over purely exploratory methods such as random sampling, which randomly chooses actions
independent of the observations. SM-UCRL converges much faster and to a better solution. The so-
lutions 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) intro-
duces 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.

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 algo-
rithms 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 mem-
oryless 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 esti-
mating 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)). Beside its practical success in offline
problems, policy search has been successfully integrated with efficient exploration—exploitation
techniques and shown to achieve small regret (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 observa-
tions 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
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complexity for learning of the model parameters. During learning phase, they defines the induced
Hidden Markov Model and applies random policy to capture different 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 pre-
dictive state representation (PSRs) (Boots et al., 2011) to reconstruct the structure of the dynami-
cal 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 dimen-
sionality reduction, incremental matrix decomposition, and compressed sensing. In this work, we
take these ideas further by considering more powerful tensor decomposition techniques.

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 rep-
resentations 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 optimization
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 uncom-
putable 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 actions (Littman, 1994; Singh et al.,
1994; Lietal., 2011). While deterministic policies may perform poorly, stochastic memoryless
policies are shown to be near-optimal in many domains (Barto et al., 1983; Loch and Singh, 1998;
Williams and Singh, 1998) and even optimal in the specific case of contextual MDPs (Krishnamurthy et al.,
2016). Although computing the optimal stochastic memoryless policy is still NP-hard (Littman,
1994), several model-based and model-free methods are shown to converge to nearly-optimal poli-
cies with polynomial complexity under some conditions on the POMDP (Jaakkola et al., 1995;
Lietal., 2011). In this work, we employ memoryless policies and prove regret bounds for rein-
forcement learning of POMDPs. The above works suggest that focusing to memoryless policies
may not be a restrictive limitation in practice.
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Figure 1: Graphical model of a POMDP under memoryless policies.

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, V, 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 observation space
with cardinality |Y| = Y, and R is a finite reward space with cardinality |R| = R and largest
reward 7,.x. For notation convenience, we use a vector notation for the elements in ) and R, so
that y € RY and » € 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 )V). We use
i,j € [X] to index states, k, [ € [A] for actions, m € [R)] for rewards, and n € [Y'] for observations.
Finally, fr denotes the transition density, so that fr(z|x,a) is the probability of transition to z’
given the state-action pair (z,a), fr is the reward density, so that fr(r|z,a) is the probability of
receiving the reward in R corresponding to the value of the indicator vector r given the state-action
pair (x,a), and fo is the observation density, so that fo(y|z) is the probability of receiving the
observation in ) corresponding to the indicator vector y given the state x. Whenever convenient,
we use tensor forms for the density functions such that

Tija = Plar = jlae =i, = 1] = fr(li, D), st T € RXxXx4
On,i = ]P)[’y = 6n|:L' = ’L] = f0(6n|i), st. Oc RY XX
Citm =Plr =enlr =i,a=1] = frlemli,l), st. T € RXXAXR.

We also denote by T' ;; the fiber (vector) in RX obtained by fixing the arrival state j and action [
andbyT..; € RX*X the transition matrix between states when using action /. The graphical model
associated to the POMDP is illustrated in Fig. 1.
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We focus on stochastic memoryless policies which map observations to actions and for any pol-
icy m we denote by f(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 = {m : minmin f(aly) > Tmin}
y a

Acting according to a policy 7 in a POMDP M defines a Markov chain characterized by a transition
density

fra(@le) = 3257 fulaly) folyle) fr (@', a),
Yy

a

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

N M) = 3 we(@)Fa (@),

where 7 (x) is the expected reward of executing policy 7 in state = defined as

Fn(x) = ZZfo(y!w)fW(a!y)F(x,a),
a y

and 7(z,a) = Y, rfr(r|z,a) is the expected reward for the state-action pair (x,a). The best
stochastic memoryless policy in P is 77 = arg max n(m; M) and we denote by n* = n(r™; M)
TE

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 5 is er-
godic, so wx(x) > 0 for all states v € 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 f1_¢(x¢|x1) by the distribution over states
reached by a policy 7 after ¢ steps starting from an initial state 2. The inverse mixing time pmix (%)
of the chain is defined as

pmix,w(t) = sup Hf1—>t(|$1) - WWHTV >
o1

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

Pmix, (t) < G(ﬂ')et_l (71-)7

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

3. We use 7" 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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RYXX

Assumption 2 (Full Column-Rank) The observation matrix O € is full column rank.

and define

This assumption guarantees that the distribution fo(-|z) in a state x (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.

Assumption 3 (Invertible) For any action a € [A], the transition matrix T. . , € RX*X s invert-
ible.

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 (y,a1,71,...,Yy,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 m 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 =’ 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 =’ on observation y, which makes the model more intricate.
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3.1. The multi-view model

We estimate POMDP parameters for each action [ € [A] separately. Let ¢t € [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 y, and y,, . These two random variables
are clearly dependent since vy, influences action a;, which triggers a transition to x4 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 x;. More formally, we encode the
triple (a¢—1,Y;_1,7¢—1) into a vector vg) e RAYE 5o that view vgl)t = e; whenever a;_1 = k,
Y,_1 = ep, and ;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 vg)t e RY R

)

and vgl’t
[ defined as Vl(l) € RAY-RxX VQ(Z) e RYBxX and Vg(l) € RY*X guch that

€ RY. We introduce the three view matrices V,,(l) with v € {1, 2,3} associated with action

[Vl(l)]s,i — P(’Ugl) — €s|332 = Z) — [Vl(l)](n,m,k),i — ]P)(yl =e€,,T1 = €p,a] = ky|;p2 = Z),
[Vz(l)]sﬂ' = P(’U;l) = €s|l’2 = ’i,CLQ = l) = [Vz(l)](n’,m’),i = P(y2 = €,,Ty = em/|3:2 = ’i,CLQ = l),

[va(l)]s,i — ]PJ(,UZ(;) — €s|332 =1,a9 = l) — [V(l)]n”,i — ]P)(ry3 = en,,|gj2 =1,a0 = l)

In the following we denote by ,ul(jl )Z = l,(l)] .; the ith column of the matrix vV 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", = E[v{) @ v{)] be the cor-

relation matrix between views v and V' and K' is its pseudo-inverse. We define a modified version
of the first and second views as

~(1 l l l ~(1 l l l
o) = Kol ) = KRl 0

Then the second and third moment of the modified views have a spectral decomposition as
!
M=Kz Zw(l i @ ), )
! !
M= E[) 05y © o] Zw(l D) © ) © ), (3)

where ® is the tensor product and Wl (i) = Pz = i|la = l] is the state stationary distribution of T
conditioned on action | being selected by policy .

10
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(@)

Notice that under Asm. 1 and 4, wy’ (i) is always bounded away from zero. Given MQ(l) and

Mél) we can recover the columns of the third view ,uél’)i directly applying the standard spectral

decomposition method of Anandkumar et al. (2012). We need to recover the other views from Vg(l).
From the definition of modified views in Eq. 1 we have

ug)l = E[ﬁl\xg =1,a9 = l] = K?(,l;(Kg)TE[vl\xg =1,a9 = l] Kg()
)
1

,ui(,’{)z = E[52|$2 = ’i,ag = l] = Kég(Kél )TE [’1)2|33‘2 = ’i,ag = l] ( (Ké ) ,ug)z

)

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. 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.

3.2. Recovery of POMDP parameters

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

Lemma 2 Given the views Vz(l) and V})(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

fR(em"ia l) = Z [V2(l)](n’,m’),i; )

n/=1

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

(ewli) ZR: il (’”’” ©)
" f l‘en )

with

R Y ( 1
l _ n',m'),i _ .
pli, z:: z:: fx(llen) Plag = l|za = 1)

RXXXXA j¢ obtained as

Finally, each second mode of the transition tensor T €
T)i.1 = OT[‘@(D]:J, (7

where O1 is the pseudo-inverse of matrix observation O and fr(-|i,1) = [T);....

IRE]

11



AZ1ZZADENESHELI LAZARIC ANANDKUMAR

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 f,, number of states X
Trajectory ((y1,a1,71), (Y, a2,72), ..., (Yn, AN, TN))
Variables:
Estimated second and third views VQ(l), and V(l) for any action [ € [4]
Estimated observation, reward, and transition models fo, f R, fT

fori=1,...,Ado
Set7T(l)={te[N—-1]:a;=1}and N(I) = |'T( )
Construct views vy ; = (@¢—1,Y;—1,Tt—1), v2 = (Y Te), v371 =y, foranyte T(I)
Compute covariance matrices K ?El)l, Kz(l)l, K 3(l)2 as
IA(I(,l,)j, = Ni(l) Z (l) ®v,(jl,)7t; v,V €{1,2,3}
teT (1)

Compute modified views 55125 = I?ég(f(g)%l, 5&11 = IA(él)l(IA{él)l)Tvéli forany t € T(1)
Compute second and third moments

—~, 1 = 1
D S e ewl), M= Z
N & VL= s TN ~

l

—

s
Q

w

i-’_\/

MA

Compute V%( ) = TENSORDECOMPOSITION(M(l), M3l))
Compute [iy l) l) (K(l)) al ) for any i € [X]
Compute f(em|z,l) PO 1[V2(l)](n m); foranyi e [X],m € [R]

l
. Nent oy .
Compute p(i,1) = 3%, _ S W forany i € [X],n € [Y]

(1)
PO (enli)y = S8, I Jomi gorany € [X],n € Y]

Compute m'=1 Fr(len)pGi,l)

end for
Compute bounds 88)
Set I* = argmin, Bg), fo = f%* and construct matrix [6],1] = fo (enld)
Reorder columns of matrices 172(” and 173(l) such that matrix O and O(") match, VI € [A]*
fori e [X],l € [A] do
Compute [T7;,.; = OF[V{"].
end for
Return: fR, fT, .]?o, Br, Br, Bo

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.

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

12
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Empirical estimates of POMDP parameters. In practice, Mz(l) and M?El) are not available and
need to be estimated from samples. Given a trajectory of N steps obtained executing policy T, let
T() ={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), (Y4, 7¢) and (y;, ) for any ¢ € T () and construct the corresponding
views 'vgg, vgl}, vél}. Then we symmetrize the views using empirical estimates of the covariance
matrices and build the empirical version of Egs. 2 and 3 using N (1) = |7 (I)| samples, thus obtaining

(1 1 ~() _ ~(l —( 1 ~() _ ~(l I
M2( )= N(I) Z Ug,)t ® ’vé,)t, Mé )= N(I) Z ’”g,)t ® 'U;,zt & Ug,zt' (®)
teT; teT;

Given the resulting ]\/4\2(” and ]\/Z?El), we apply the spectral tensor decomposition method to recover

an empirical estimate of the third view f/\})(l) and invert Eq. 4 (using estimated covariance matrices)

to obtain \72(”. Finally, the estimates fo, fT, and fR are obtained by plugging the estimated views
‘71, 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 =: min || fo(-z) = fo(]z')]x

Actually, dp is the minimum separability level of matrix O. When the estimation error over
columns of matrix O are less than 4d, 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 models using a

@

trajectory of N steps. We denote by O'Vl = ox (K lgl,)/,) the smallest non-zero singular value of the

covariance matrix K, ,», with v,v" € {1,2,3}, and by O'min(V,,(l)) the smallest singular value of the
view matrix V,,(l) (strictly positive under Asm. 2 and Asm. 3), and we define wr(rll)in = mingcy w7(rl ) ()
(strictly positive under Asm. 1). If for any action | € [A], the number of samples N (1) satisfies the

condition

2

V241
4 16C2Y G(m) 2t 2Y2 + AY
N(l)zmax{ ot 6002 u - 1-0(r) . @(l)}log (M)
(031)2 AD dzo Yhin I{I}ig?)}{again(vv )} 0
’ ve IE g}

®)

with ©1), defined in Eq 27°, and G (), () are the geometric ergodicity and the contraction coef-
ficients of the corresponding Markov chain induced by w, then for any 6 € (0,1) and for any state

@

min’®

5. We do not report the explicit definition of OO here because it contains exactly the same quantities, such as w
that are already present in other parts of the condition of Eq. 9.
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i € [X] and action | € [A] we have

BD._ Co |YRlog(1/6)

H V(i) = fo il < By = o\ T NG (10)
ay C Y Rlog(1/d

IFalliD) = fCl Dl < B i= Tt [FREE), ar
~ C YRX?log(1/6

172l = frClis Dl < BY = ATT)\/ o) 12

with probability 1 — 6(Y? 4+ AY R)AS (w.r.t. the randomness in the transitions, observations, and
policy), where Co, Cr, and Ct are numerical constants and

A =5 (O @ 2 O (D) v (Oy1)3/2. 13
o ( )(Trmln) 01,3(wm1n E?jllgl’g}{o-mm( v )}) ( )

Finally, we denote by fo the most accurate estimate of the observation model, i.e., the estimate fg )

such that I* = arg minje |4 Bg) and we denote by B its corresponding bound.

Remark 1 (consistency and dimensionality). All previous errors decrease with arate O(1/+/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
from deriving confidence intervals.

The bounds in Egs. 10, 11, 12 on fo, fR and fT 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 f r and fo in Egs. 10, 11 by a factor of X 2. This seems unavoidable since f r and fo are

the results of the manipulation of the matrix VQ( ) with Y - R columns, while estimating fT requires

working on both VQ(l) and Vg(l) In addition, to come up with upper bound for ]?T, more complicated
bound derivation is needed and it has one step of Frobenious norms to £2 norm transformation. The
derivation procedure for fT is more complicated compared to fo and f r 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 K 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 compu-
tation of the second view from the third using Eq. 4. Similarly the presence of oy (O) is
justified by the pseudo-inversion of O used to recover the transition tensor in Eq. 7. Finally,

()

2 (V") is due to the tensor decomposition

the dependency on the smallest singular values o
method (see App. J for more details).

14



REINFORCEMENT LEARNING OF POMDPS USING SPECTRAL METHODS

e A specific 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(fl)m in the condition on
N(1) in Eq. 9 implies that if a state j is poorly visited, then the empirical estimate of any
other state 7 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 ¢ 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 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 7 € 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 (1) depends on how fast the chain converge to w, and this is characterized
by the parameters G(7) and (7).

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(l|y) in Eq. 6). The inverse
dependency on 7y, (defined in P) accounts for the amount of exploration assigned to every
actions, which determines the accuracy of the estimates. Furthermore, notice that also the
singular values 0% and 092 depend on the distribution of the views, which in turn is partially
determined by the policy 7.

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 7, is specific to the POMDP case.
On the other hand, in the analysis of HMMs usually there is no dependency on the parameters GG
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 integration 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 (K) = (X, A YR, Aj(ﬂk), f(k), f(()k)) is computed using the spectral method of
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Algorithm 2 The SM-UCRL algorithm.
Input: Confidence 0’
Variables:

Number of samples N (*) (1)

Estimated observation, reward, and transition models
Initialize: ¢ = 1, initial state 71, § = §' /NS, 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 #*) = argmax max 7(w; M)

TEP MeM(*)

Set v(¥) (1) = 0 for all actions [ € [A]
while VI € [A],v%) (1) < 2N®)(1) do

Execute a; ~ fzm (-|y,)

Obtain reward 74, observe next observation y,, 1, and sett =t + 1
end while
Store N*+1)(1) = max<j, v*) (1) samples for each action [ € [A]
Setk=Fk+1

end while

Agf), ]?(k), f:(rk)

Alg. 1. Unlike in UCRL, SM-UCRL cannot use all the samples from past episodes. In fact, the
distribution of the views v1, v2, 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. Nonetheless 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 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*)(I) = maxy/ . v* )(l) 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 estimatggl/ POMDP ]\7 (k) and the result of Thm. 3, we construct the set ME) of
admissible POMDPs M = (X, A, YV, R, fT, fR, f0> whose transition, reward, and observation
models belong to the confidence intervals (e.g., A(k)(-\z') —fo(|i)|ly < Bo for any state i). 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
compute6

7k = s M). 14
T = argmax max, n n(m; M) (14)

Intuitively speaking, the optimistic policy implicitly balances exploration and exploitation. Large
confidence intervals suggest that M M®) is poorly estimated and further exploration is needed. Instead

6. The computation of the optimal policy (within P) in the optimistic model may not be trivial. Nonetheless, we first
notice that given an horizon N, 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 ran-
domly sample multiple POMDPs from M) (which is a computationally 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(\/N ).
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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 maximizes the performance n(7; 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 the 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(¥) (I) > 2N (k) (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, 7, 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 = Nn™ = "y, (15)
t=1

where 7y 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
D := max minE[7 (', d'|z,a;7 16
z,x'€X,a,a' EA TEP [ ( ’ | T )]’ (16)
which corresponds to the expected passing time from a state x to a state 2’ starting with action a
and terminating with action @’ and following the most effective memoryless policy 7 € 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 char-
O 2

. _ o . )
acterizing Thm. 3. Let 7193 := minminw_ . min o=, V( be the worst smallest non-
£ o I€[A] meP ™™ ef1,2,3} mnin(V)

zero singular value of the views for action [ when acting according to policy 7 and let 71 3 :=

m[ln] mi% Omin (K %(w)) be the worst smallest non-zero singular value of the covariance matrix
le[A] € ’

K }l% () between the first and third view for action [ when acting according to policy 7. Similarly,

_ . _ . . .
we define 7 . We also introduce Wy,jn := min min min w7(r) () and
le[A] ze[X] meP

2v2+1 \ 2
W = IMnmax max max { 4 16C%YR G(ﬂ-) 1_0(7T) @(l)} 10g <2w> (17)
l€[A] mEP (53,71)’ )\(1)2d20 "\ ©min0123 0 ’

which is a sufficient number of samples for the statement of Thm. 3 to hold for any action and any
policy. Here @(l)
following result.

is also model related parameter which is defined in Eq. 36. Then we can prove the
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Theorem 4 (Regret Bound) Consider a POMDP M with X states, A actions, Y observations, R
rewards, characterized by a diameter D and with an observation matrix O € RY*X \ith smallest
non-zero singular value ox(0). We consider the policy space P, such that the worst smallest
non-zero value is 012 3 (resp. 01,3) 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 6 = &' /N° in
constructing the plausible POMDPs MV then under Asm. 1, 2, and 3 it suffers from a total regret

Regy < 01”“%1))(3/2 VAY RN log(N/5') (18)

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

A = omin(O )Wﬁnnal,iﬁ?gs (19)

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

RegN < CMDPDMDPX\/ AN log N,

where

Dypp := max min E[r(2/|z; )],
rx'eX w

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 de-
pendency is known to be minimax optimal. The diameter D in general is larger than its MDP
counterpart Dypp, 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 X?/2 is
indeed the results of two terms; X and X 1/2 " 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 assumption 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 () 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 actu-
ally need to compute the bounds 5 (l), B%), and Bg) to explicitly construct confidence intervals. This
situation is relatively common in many exploration—exploitation algorithms that require computing
confidence intervals containing the range of the random variables or the parameters of their distri-
butions 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 up-
per confidence bound is A(Y) 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 observations (X > Y). Nonethe-
less, 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 ¢ + 1. In

particular, we can use the triple (a;4+1,¥;,1,7¢+1) and redefine the third view Vg(l) € RX as

Vilsis = P = eglwa = i,a2 = 1) = (Vi) .oy

=P(y; = en, 73 = €, a3 = klzg =i,a0 = 1),

and replace Asm. 2 with the assumption that the view matrix Vg(l) is full column-rank, which ba-
sically requires having rewards that jointly with the observations are informative enough to recon-
struct 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 VQ(l)), for the reconstruc-

) s

tion of the transition tensor, we need to write the third view V5

[‘/g,(l)]s,i = [‘/{%(l)](n,m,k),i

X
Z]P’(yg = en,T3 = ey, a3 = klxg =1i,a9 =1, 3 :j)]P’(acg = jlze =i,a9 = l)

<.
Il
-

I
E

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

?.
S

= klenz (emld, k) folenl) fr(ili, 1),
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where we factorized the three components in the definition of Vg(l) and used the graphical model of

the POMDP to consider their dependencies. We introduce an auxiliary matrix W € R4X such that

[W]s,j = [W](n,m,k),j = fﬂ(k‘en)fR(em’j7 k)fO(en’j)7

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

!
W(T)i. = Vi ].s, (20)
which allows computing the transition model as [T];.; = WT [V})(l)];,i, 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 f7 in Thm. 3.
In fact, it can be shown that

- . , CrAYR [X Alog(1/5)
HfT(‘ZJ) - fT("Zal)”F SBT_l’iIiaX“A )\(l’) N(l/) . (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 TJ(\?JF
the mean passage time between two steps where action [ is chosen according to policy m € P, we
define

l
maXjec A T](W),Tr
Dratio = max 7(1)

(22)
TP mine Ty

as the diameter ratio, which defines the ratio between maximum mean passing time between choos-
ing an action and choosing it again, over its minimum. As it mentioned above, in order to have an
accurate estimate of fr all actions need to be repeatedly explored. The Di,, 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 < O (T“;" /Y RDpioN 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 @1 2 and 02 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.
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5. Conclusion

We introduced a novel RL algorithm for POMDPs which relies on a spectral method to consis-
tently 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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POMDP Notation (Sect. 2)

e indicator vector
M POMDP model
X, X, z,(i,7) state space, cardinality, element, indices
V.Y yn observation space, cardinality, indicator element, index
A A a, (L k) action space, cardinality, element, indices
R,R,r,r,m, "max reward space, cardinality, element, indicator element, index, largest value
fr(@'|z,a), T transition density from state x to state =’ given action a and transition tensor
fo(ylz),O observation density of indicator y given state x and observation matrix
fr(r|z,a),T reward density of indicator r given pair of state-action and reward tensor
7, f=(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
fro (2 |z) Markov chain transition density for policy 7 on a POMDP with transition density fr
Wy w,(rl ) stationary distribution over states given policy 7 and conditional on action [
n(m, M) expected average reward of policy 7 in POMDP M
nt best expected average reward over policies in P
POMDP Estimation Notation (Sect. 3)
ve{l 23} index of the views
v,(jl;, V,,(l) vth view and view matrix at time ¢ given a; = [
K ,Sfl/, al(/lL, covariance matrix of views v, v/ and its smallest non-zero singular value given action [
MQ(l), M?El) second and third order moments of the views given middle action [
Ag), Al(%l), A}l) estimates of observation, reward, and transition densities for action [
N, N(I) total number of samples and number of samples from action [
Co,Cgr,Cr numerical constants
Bo, Br, Br upper confidence bound over error of estimated fo, fr, fr
SM-UCRL (Sect. 4)
Reg cumulative regret
D POMDP diameter
k index of the episode
A}k), fl(%k), f(()k), M® estimated parameters of the POMDP at episode k
MF) set of plausible POMDPs at episode &k
v (1) number of samples from action [ in episode &
N®(1) maximum number of samples from action [ over all episodes before &
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
Ty worst smallest non-zero singular value of covariance K l(/l,)j, 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 fol-
lowing table.

Ao Concentration matrix
nglj). (yy0) mixing coefficient
p(i,1) translator of #'th element in sequence of samples given middle action [ to the

actual sequence number
Silt i'th quadruple consequence of states random variable given second action [

sill i'th quadruple consequence of states given second action [

S{“ sequence of all S for i’ € {i,...,j}

sill sequence of all "' for ¢/ € {i,...,j}

Bl i'th triple consequence of views random variable given second action [
bill i'th triple consequence of observation given second action [

Bgu sequence of all BY" for i’ € {i,...,j}
bill sequence of all bl for i’ € {i,...,5}

For the tensor A € R%*492--Xdp and matrices {V; € R%™ : i € {1,...,p}}, the tensor multi-
linear operator is defined as follows
For the i1, 42, ...,i, — th element

[AVLVas o Vo)l i i) Z Ajygoninel1,2,pt Vil ia [Valjasia -+ [Voljp.ip
j17j27---7jpe{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

! !
Va )i = Vi
=Py, = eyn|re = 0,02 = 1)P(r2 = epy|2 = 0,02 = 1)
= P(y2 = en’|x2 = ’i, agz = 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
remli,1) Z (23)

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

model, we have to further elaborate the definition of VQ(Z) as
! !
Vallsi = V3 )y

_ Plag =l|zs =i, yy = e )P(yy = en|za =) Pry = eny|zs = i, a3 = )
— — ey |zy =i, a9 =

]P)(ag = l‘xg = Z)
- fr(llew) fo(ew i) fr(em i, 1)
N P(CLQ = l’l‘g = Z) ’

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

R Y 1
Z:: Z:: l|en T Plag = lzs = 0)

Let p(i,1) = 1/P(as = l|x2 = i) as computed above, then the observation model is

R 1)
V2( (n m')

(ewi) Z Tolllens ) (24)
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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 written as

VaDlsi = Vil

I
NE

Plys = epr|wy = i,a = 1,23 = j) - P(ag = jlrg = i,a2 = 1)

<.
Il
i

P(ys = enr|r3 = j)P(x3 = jlog = i,a2 = 1)

I
.Mk

<
Il
—

[
]~

folenld) fr(jli, 1), (25)

<.
Il
—

where we used the graphical model of the POMDP to introduce the dependency on z3. Since the
policy f 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(en|j), then we can restate Eq. 25 as

OlT);.q = [Vg(l)]:,i (26)

where [T); . ; is the second mode of the transition tensor 1" € RX*X*A4 " Since all the terms in O
are known, we finally obtain [T, .; = OT[V?)(”];J-, where OT 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 m on the POMDP (i.e., fr ). 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 o1(A) > o9(A) > ... the singular values of a matrix A and we recall that the

covariance matrices K ,Ell)/ have rank X under Asm. 2 and we denote by a,(/lzj, = ox(K ,Ell),,) 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 ﬁz(al)z € Rgg and & (1) be the estimated third view and the conditional distribution
@

min

computed in state i € X using the spectral method in Sect. 3 using N(l) samples. Let w
O]

mingey wr' (x) and the number of samples N (1) is such that
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2
G(m) 255
N > | — o tog(2181%2 - %), ) 27)
min min {Jmln( v )} 5
ve{1,2,3}
i
00 = max 216)(;3 1’4’ 0 2v2X 0 , (28)
C’IS((“‘}r(n)in)§ Clwm yer{lﬂg,g}{amm(v )}

where C1 is numerical constants and dy, dy are dimensions of first and second views. Then under
Thm. 16 for any § € (0,1) we have’

L

V9T = VT, < e

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

WEr2 | [logRigh) | s
&s(1) = G(m)—g . g (;;4 (29)
(i) 2 (1 = (7)) i
and
2(dqdo+ds)
21/2G(n) 23k ) (16m235) log (2L tb))
em(l) <
B T e SN L VI PN TN TEL A (U
mln 6{1,2,3} 6{1 2 3} min min

Notice that although not explicit in the notation, e3(1) depends on the policy 7 through the term
o

mln
Proof We now proceed with simplifying the expression of e3(l). Rewriting the condition on N (1)

in Eq. 27 we obtain

dsra. (&0 min {02, VO
10g(2 12(5 3)< 1VE{1,2,3} mln
No- T G(m) 224

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(2w) /N (1) in the second term of Eq. 29, we obtain

log( 2(dy da+d3) )
B 2v/2G(m) 242 = (646(m) 222 ) log(2@dz+ds))
ult) = (@)% min {ommVN | ( min {02 (VO (@015 NO o
min vef1,2,3}) min\ ¥V v vef1,2,3} min\ "V min
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 inde-
pendently 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 Fix ¢ = (1,52, ,Sy2Rra)) @ point in (Y2)RA — 1 simplex.” Let & be a random
one-hot vector such that P(§ = e;) = g; foralli € {1,...,(Y)?RA} and let £, &, ...,&EN be N
N
i.i.d. copies of € and ¢ = % > & ; be their empirical average, then
J

. log (1/6)
— < R
Hg S HQ > N )

with probability 1 — 6.

Proof See Lemma F.1. in Anandkumar et al. (2012). [ |

Proposition 7 Let K él)l be an empirical estimate of K ?El% obtained using N (1) samples. Then if

log(1/d
UL (30)
(03,1)
then
log (1/3) ;
~ N{Q) 2 [log(s)
5D = (RiD |z < <2 |
’ ’ ! log (1/3 O\ N(
A~ Jem o\ VO

with probability 1 — 6.

Proof Since K él)l =K ['v:())l) ® '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 of all the elements

9.SuchthatVi=1,...,d* ¢ >0and ), = L.
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in the matrix sums up to 1. As a result, we can apply Proposition 6 to K ?()1)1 and obtain

SR log (1/0)
||K?§,)1_ §,§|l2§ W, 3D

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

The previous proposition holds for K. él)l as well with ag)l replacing aé{)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).

Lemma8 Let 172(” be the second view estimated inverting Eq. 4 using estimated covariance ma-
trices K and V})(l), then if N (1) satisfies the conditions in Eq. 27 and Eq. 30 with probability 1 — 3¢

= 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

= K (KT

)

Vi),

)

(@)

To derive a confidence bound on the empirical version of 1, ;, we proceed by first upper bounding
the error as

l l !
Vs T = Vo lally <IESY — B Il ESD I IVA ]l
HIES NS — (BN VA .l
)
)

B NS V3] — VA ]l

Y

The error HK 21 Kz(l1 |l2 can be bounded by a direct application of Proposition 6 (see also Eq. 31).
Then we can dlrectly use Proposition 7 to bound the second term and Lemma 5 for the third term,
and obtain

%0 1) 3
Va7 )i = Vy ' Lall, < 0]

93,1
where we used [|(/3 1)Jf||2 < 1/ 3 1, ||K2 ng <1 and H[V}) ] ill2 < 1. Since each of the bounds
we used hold with probability 1 — 5 the final statement is valid with probability at least 1 — 36. W

We are now ready to derive the bounds in Thm. 3. R R
Proof [Proof of Thm. 3] We first recall that the estimates fr, fo, and fr are obtained by working
on the second and third views only, as illustrated in Sect. 3.

32



REINFORCEMENT LEARNING OF POMDPS USING SPECTRAL METHODS

Step 1 (bound on fz). Using the empirical version of Eq. 5, the reward model in state ¢ for action
[ is computed as

Y
Frem|i 1) = Z

n/=1

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

R
1Fr (i 1) = frCl DI =D |frlemi, 1) — fremli,D)]

WE

WE
]~

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

o ‘ Cr Y Rlog(2Y2+YAR)
”fR("Zvl) - fR("ZJ)Hl < BR = \/ )
CPRORY V(l) N(1)
03 1( mln)2 Ver{qgl’:a}{amm( )}

where C'i is a numerical constant.
Step 2 (bound on p(i,l)). We proceed by bounding the error of the estimate the term p(i,l) =
1/P(ag = l|zg = i) which is computed as

(n/m?),i — [V2(l)](n’,m’),i| 1 o) =)
’ ( Z ! ’ < Z Z (”e /) < 0) H[V2 ]iJ_ [‘/2 ]hiul
m/'=1n'=1 " Tmin
VYR PN VYR ) :
< i IV = W Leall, < 21 ——gres0) =2 56, 0), (32)
T inin 3,1 " min
where Wr(rll)in = minycy fr({|y) is the smallest non-zero probability of taking an action according to

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

(nmz
o (ent) Zf (lex)20i.1)

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

(1 l
1 <[V2( )](n’,m’),i [Vz( )](n/7m/)7’i> ‘

(@ 1 <\/Y %0 0) |p(i, 1) — 3(i, 1)) 0 >
S = V. i V. i + v N
Tt p(”)m b= 2l p(i, D)p(i,1) <Z_:1[ >k ),)
b 1 VY I
< —z<A - R€2(i) FICL) )
70 \p(i,1) 503, D)p(i, 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 [Vz(l)];,i), in (b) we use Lemmas 5, 8, and in (c) the fact that
1/p(i,1) = Plag = ljxa = ] < 1 (similar for 1/p(4,1)). Recalling the definition of €,(7,[) and
Lemma 5 and Lemma 8 we obtain

15610 = ol < —— VT Res(t)

<50 Co \/YRlog( w)
-0 l l 1) \2 l ’
(M) 2015 (nhn) | min {0, (i)} N

where Cop 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, that is

fo = fg*), I* = arg mln B( ),

(78
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whose corresponding error bound is

folen|i ; - Co Y Rlog(2Y°+YAR)
| fo(ewli) — fo(enli)]] < Bo := min \/ .
=1,..,A (Wr(rll)in)20§lg;(wr(fl)in)% %izng}{af’nin(vlf(l))} N(l)
ve <y

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 O0W 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

16C3Y R

N(l) >  VielA
(1) > O [A]

Step 4 (bound on fr). The derivation of the bound for fT is more complex since each distribu-
tion fr(:|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

A~

T);..0 = OV, (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 + FE for a suitable error matrix F, then we have Meng and Zheng (2010)

—~ 145 —~
W= 7 < 2 e v 177 11 34
where || - ||2 is the spectral norm. Since Lemma 8 provides a bound on the error for each column of

V2(l) for each action and a bound on the error of p(i,[) is already developed in Step 2, we can bound
the /5 norm of the estimation error for each column of O and O as

Hé—Ohéué—MWSprﬁBQ. (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 [|Of|]y < (JX(AO))_l where ox(O) is the X-th

singular value of matrix O whose perturbation is bounded by ||O — O||2. Since matrix O has rank
X from Asm. 2 then

S < ot <] 10-0J2\ _ 1 10 = Ol
|02 < (6x(0)) < 7x(0) <1+ 7% (0) > = ox(0) <1+ ox(0) >

10. We recall that fo corresponds to the estimate A(()l) with the tightest bound Bg).
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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 7 = 1, ..., X the error is bounded as

= = A ! >l l A
Tt = Toalls < 1Ty = Tl < 1107 = Ol |V o + VY = Vi 1510 o

In Lemma 5 we have a bound on the £5-norm of the error for each column of V3(l), thus we have
||1A/3(l) —V3(l) l|l2 < ||1A/3(l) —V3(l) |l = < 18v/Xe3(1). Using the bound on Eq. 34 and denoting ||V})(l) l2 =
amaX(V?)(l)) we obtain

||Ti,:,l_j:’i,:,l||2
1+v5\|6—0up< ué—ouF) 0 1 ( ||6—0||F>
< 1+ Omax (V') + 18V X es(l 14 = 1£
=2 o4 (0) ox(0) (V37) 3()0X(O) ox(0)
2 10 - Ollr ON
<2 (1 =2 AWEN G - 18V Xes(1)).
< 257 (14 2= ) (om0 - 01l + 18V Fes1)
Finally, using the bound in Eq. 35 and bounding amax(Vg(l)) < VXM
S 4 ()
Tiog—Tiall2 < X 18V Xe3(l
| Tio0 — Ticall2 aX(O)( llg[%lgo + 18V Xes( )>
. Cr \/X2YRlog(8/5)
~ ox(O) ot ? min {0t GOFY - NO

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 A6 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(I) Iz < \/X||V3(l) |l = VX, since the sum of each column of Vg(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) _1

RegN < Z < Z < - Tt(xty%k(yt))> + Tmax¢>
t=t(k)
K ¢kt _1
Z Z < B Tt(ﬂi‘t, %k(yt))> + TmaxK¢7
=1 t=¢(k)

where 7 (2, Tr(y,)) is the random reward observed when taking the action prescribed by the op-
timistic policy %k depending on the observation triggered by state z;. We introduce the time steps
TE =t t® <t<tk+1}7' O={teT® 0, =05, TW@ ) ={teT® :a =
x,a; = 1} and the counters v(*) = |7 |, v®) (1) = |T(k ( )|, v®)(2,1) = [T®) (z,1)], while we
recall that N (¥) (1) 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 % )
PlY rlenmul) < oW 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(-|z),
7(x,1) is the expected reward for the state-action pair x, . Recalling the definition of the optimistic
POMDP M®*) = arg max ;¢ v k) Maxrep 7(m; M), we have that n* < n(M(k); 7k)) = 7k,
then applying the previous bound in the regret definition we obtain

K X
Regy < Z Z Z o™ (2, 1) (ﬁ(k) —7(x, l)) +rmaxV/ N 1og 1/ + ryax K1),

k=1z=1[=1

AK)

with high probability, where the last term follows from Jensen’s inequality and the fact that ) vk) =
N.

Step 2 (condition on N ([)). 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). We first roughly simplify
O

the condition by introducing . = min;cp mingey w7(rl )(x) and

N = maxmax{ 4 160(2)YR C22 @(l)}log(gw)'
A L2 A0 @) min {0, (7)) ’

ve{1,2,3}
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1
9() = max 216)((;; 10 9 (l) 2\/§X (l) ) (36)
C(13 (wmin) 3 Cl wmln Velﬁlglg}{amm(v )}

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, i.e., IV (k)(l) =

maxy/ <k v(k’)(l). Thus we first study how many samples are likely to be collected for any action
O]

[ in any episode of length v. Let TM is the mean passage time between two steps where action [

(0

is chosen according to policy m € P then we define 7, = max ep T](\?W = max,ep E[T(l,1)],
where 7 (I,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

27'1(\2) to take the same action [ is at most 1/2. If we divide the episode of length v into v/ 27'](\?
()

intervals of length 27, /, we have that within each interval we have a probability of 1/2 to observe

a sample from action [/, 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’{Elle 4] o(l) 2 s - vlog(é/‘s)} >1-4
41,/ ARV

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/d) _ —
47 - 27 =
M M

and we obtain the condition

Vo > 25D 10g(4/6) + /27 log(A/6) + 167 )N

which can be simplified to
>0 = 247'](\?W10g(14/5). (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 [
(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¢ > ¥, which in turn gives K > Alog,(T), which
finally implies that K<A log,(v) + 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.
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We are just left with measuring the regret accumulated over the first K episodes, that is

K41kt 1 K+1 K+1 _
Z Z (T/+ - Tt(wta %k(yt))) < Tmax Z U(k) < T'max Z A2k < 4TmaX‘A2K < ZLATmax(6 + 1)7
(38)

where in the first step we maximize the per-step regret by 7.« 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 i+ _q

K N
RM=%" < > (?7+ - rt(wtﬁk(yt))) ]1M¢M<k>> < Tmax ) 0 Lyrg v < imax Y g 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 ¢.
We recall from Step 2 that the number of steps needed for the statement of Thm. 3 to be valid is
t =4(v+ 1). If N is large enough so that ¢ < N'/4 then we bound the regret as

|N1/4] N N
szul < Z ﬂlM@EM(t) + Z t]lMQEM(t) < \/N-i— Z t]lM¢M(t).
t=1 t=LN1/4J+1 t:LN1/4J+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(°/6), we obtain that at any time instants ¢, the
statement holds with probability 1 — 2446 /t%. Since

f: 24A < 24A / < 24A 24A 24A 144A 30A
L

t=|N1/4]+1 o = N6/4 N1/4| t6 di N6/4 + 5N5/4 - 5N5/4 = N5/4’

then M is in the set of M¥) at any time step | N'/4| < ¢t < N with probability 1 — 3045 /N4,
As a result, the regret due to failing confidence bound is bounded by v/N with probability 1 —
3046 /N°/4.

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

>

X
AW <35 0B (a,1) (ﬁ(k) — W (g, 1)) +3°3 0¥ (a,1) (ﬂ’ﬂ (1) — 7z, 1)) ,

=1 [=1 r=1[=1
(a)

(0)
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where 7(%) is the state-action expected reward used in the optimistic POMDP M®). 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

where Bg’l) corresponds to the term BY in Thm. 3 computed using the N(* )(l ) samples collected
during episode k() = arg maxgs < v(k/g'Z

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 , the action value function Qr a7 : X' <A —
R satisfies

Qur(w,a) =T(w,a) = e+ 3 fr(@le,a) (D faldl)) Qe (@', ) (39)
= e = 7(@,0) = Y fr(@'le,a) (D f(@'10))Qrar (@’ 0') ) = Qrai(w.0),

where fr(a'[z’) =3, fo(ylz') fx(a'ly) and terms such as 7 and f7 depend on the specific POMDP.
We define the function Q@ 5/ (x, 1) as

min Qr ar(z,1) — malx Qr m(z,1)

z, z,

@n,M(xJ) = Qr(z,1) — 9 )
which is a centered version of Qr a(z,1). In order to characterize Q, 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,2'€[X], LI'e[A] m€P

where T'(2',I'| M, 7, 1) is the (random) time that takes to move from state x by first taking action
and then following policy 7 before reaching state x’ and performing action I’. An important feature
of the diameter is that it can be used to upper bound the range of the function Q) ns 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 definition of the optimistic policy

7k = M 40
T argl;rrlea%Mrél/%ﬁk) n(m; M), (40)
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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 PME) the corresponding augmented policy space using P and the
set of admissible POMDPs M (). As a result, for any augmented 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 viceversa. As a result, computing 7(%) and the corresponding
optimistic model M M®*) s equivalent to choosing the optimal policy in the POMDP M 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), (', a’) such that
Q%(,C)’ JVf<k>( a) — Q=) B (@', 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 z to 2’ in D steps on average. If from z’ the optimal policy is followed, then
only rmax D reward could have been missed at most and thus the difference in action-value function
between z and 2’ cannot be larger than 7., D + 1, thus contradicting the assumption. As a result,
we obtain

max Q=) M(k)(x a) — mln Q~(k) M(k)(ac a) < rmaxD 41)

and thus
(D+1)

Q%(k)’ﬁ(k) (1’, a) (1’, l) < Tmax

By replacing @ with @ in the Poisson equation for the optimistic POMDP characterized by the
transition model fj(ﬂk) and where the observation model is such that the policy 7 takes actions

according to the distribution f;l?,z) (+|z), we obtain
Z 2l 1) (Z%( 10) Q00 3700 (@' @) ) = B 700 (1)
Z (2’|, (Zf((k) I'l2") Q~(k> M(k)(x l))
- Z fr(@|z,1 (Z Fro0 (U12") Q000 3700 (95/71/))
+ Z fr('lx, z>(2 Fro (12" Qsr 5700 (@ 1)) = @ 700 (@)
= Z Z o/ |, D FS (Ul = Fr(a@a, D) Froo (U12) Qe 3700 (2 1)

(c)
+ Z fr(@'|z,1) ( Z frw (l,‘x,)a%(k),ﬁ(k) (2, l’)) - Q%(k)j/['(k) (z,1).
o v

¢ (1)
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The term (c) can be further expanded as

-XX ( (a'le,0) = fr(e/la, D) FX 1) = fr(@/le, (L U1') = frw (121)) ) Qe g7 (&', 1)
(Z\ o) = frle )] + 3 fr(e |:cz§j|~m|x — Lz 12| ) 1@z00) 570 loos

(d) (d)

where we used the fact that ), J?;I;;Z) (I'|2") = 1. For the first term we can directly apply the bound
from Thm. 3, Eq. 12 and obtain

(d) = [|f® ([, 1) = fr(la, D] < 2vXBED.

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

ZZ! Jyl') — folyla) |15, (Wy) = Z\ '(ylz') — folyla)| < 2B,

Plugging back these two bounds into (c¢) together with the bound on Q%(k) 37w (2, 1), we obtain

D+1
(©) < AVXBE 4 B DI

The term (a) in the per-episode regret is thus bounded as

(D+1)

(@) < 2(VXBED 1+ BE) 1 +(®(,0).

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

(1)
sz(k ,1 C(k (z,1) Z ZfT |, 1t) (ZfN(k) ('l Q%(k) M(k)(w l)) _@%(k)’ﬁ(k)(xult%
z=1[=1 t=t(k) x’
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we introduce the term Q%(k) ) (2441, lt+1) and we obtain two different terms

X A
PIBECRISUCH)
=1 [=1

1(k+1)

Z ZfT |$talt <Zf~(k) l|3j Q~(k) M(k)(lﬂ l)) _@%(k)7ﬁ(k)($t+lalt+l)

t=t(k) x/

+ Q%(k)’ﬁ(k) ($t+1, lt+1) - Q’ﬁ(k)7M(k) (xt, lt)
$(k+1)

Z ZfT ’wt;lt (ZfN(k) l‘x Q%(k) M(k)(w l)) _@%(k)7ﬁ(k)(wt+lalt+l)+TmaXD7

t=t(k) =z’

Y:

where we use the fact that the range of @%W 27 18 bounded by the diameter D). We notice that
E[Yi|x1,a1,y1, .., @, ap,y¢] = 0 and |Yy| < 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(N5/4/5)
t=1

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

X

A N
Z v(k .Z' l C(k .Z' l Z + TmaxKD < TmaxD\/2N IOg N5/4/5) + TmaXKD
rz=11=1 t=1

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

k) = (k) (k.0) (k) | k) (D+1)
< Z’U (l)2 BR + (\/YBT + BO )rmaxT .
=1

Recalling the results from Thm. 3, we can bound the first term in the previous expression as

A

®) (1 1
A" < Bripax(D +1)/d'log(N/6) (Co + Cr + CrX*?) UA(k(w) N®Q)
=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 —_
A < 97 max (D + 1)\/v(k)d/ log(N6/6) (CO + Cgr + C’TX?»/Z) 1311?%14 NCUR

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
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the per-episode regret (Step 7). The result is

Regy
K
6 > 5/4 (k)
< T (/N 108 (NT/0) + 4 ATiman (0 + 1) + VN + Dy/2N log(N%/1/6) + KD ) + > AY.
Step 1 Step 2 Step 3 Step 6 k=K+1

The last term can be bounded as

K
> A< w\/w/ log(N6/3)(Co + Cr + CrX3/?).

k=K+1

where \ = ming AED 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 aresult, after K episodes, we have these inequalities

K K/A
N =S 0 > 3o > 9R/4,
k=1 k=1

As a result, we obtain the upper bound K < K < Alog, 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

Step 4 (bound on f7). The derivation of the bound for fT 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[‘/{),U)]J;

and derive transition tensor as follows

[T = WV, (42)

where T is obtained plugging in the estimates of ]?o and ]?R 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
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W and W be any pair of matrix such that W = W + E for a suitable error matrix E, then we
have Meng and Zheng (2010)

— 14+5 =
W= 71 < S e {0 157 1 @)

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

[W]S,j = [W](nmk fﬂ(k‘en) (em’j7 k)fO(en’j)7
l l . .
VaNsi = V3 Vs amrys = 26,1 frUlew) foew |i) frlenrli 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

L A S A A
| ]"”_[p(J,l) oGy p(j,A)}

The same relationship holds for W and \72(”. Since Lemmas 8 and Eq. 32 provide a bound on the
1)

error for each column of V" for each action and a bound on the error of p(i, ) is already developed
in Step 2, we can bound the /5 norm of the estimation error for each column of W and W as

N A RY i - N\ 2
7). — [W].413 = ZZ( )

7
I m'n

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

(1 l
[V2( )](n’,m’),i [V2( )](n’,

7i.0) p(i 1)

Then the ¢5-norm of the error is bounded as

l)ii

= I
< ‘[Vz( )](n’,m’),i A )](n’,m’),i

T 0 (1 AR o
= Wlille < — 2 ‘
7., [W].,sz_\;H[V b~ VLl + ;(Ml) 50) 2 s
- 0], (1 Ly
< P00 = V3" —
= (1) S
<20 o T Ze%(z 1)
=1 931 =1
= (92D Ry ol
<Y (202 o +eolil) < 40 Z ()
- 031 =1 03 17Tm1n
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Now we can bound the spectral norm of the error in estimating W as

A
— —~ e3(l
W =Wy < [W - Wl|r <40VXYR) % (44)

=1 “3,1"min

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 1. We have HWT”Q < (JX(W)) where JX(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 < (o (T < L W — Wl 1 W -~ Wil
[Wile < (ox (W)™ < ox (W) <1+ ox (W) ) = ox (W) <1+ ox (W) )

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 Sl D\ T
Tt = Tictlls < 1Tt = Toalla < IWF = W[V o + [V = VO oW,

In Lemma 5 we have a bound on the £9-norm of the error for each column of V(l), thus we have
|H73(l) —Vg(l) l|l2 < |H73(l) —Vg(l) |7 < 18v/Xe3(1). Using the bound on Eq. 34 and denoting HVBU) ll2 =
amax(Vg(l)) we obtain

7 L VBIW = Wlle (W =Wlr) 0 o]
W - W|r
< Jx(W) <1 + Jx(W) ) ( maX(V?, )HW W”F + 18V X 63 )

Using the bound in Eq. 44 and UmaX(V3 ) < v/X we obtain

| Tiet — Ticall2 <

T )(4ov X2YR Z +18\/_63( ))

< CrVAX?YR | max Al,,/l"g 8/ )

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

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

D+1
AK) <22v (B(kl (Bg,ff’l)—l-lggf))rmaxi( ;_ )>

All the terms can be treated as before except for the cumulative regret due to the transition model
estimation error. We define Ay = sz:f{H Zle v®) (1) (Bgfz’l))rmax(D + 1), which gives

A (k)
COVEIVR [log(NY/5)
Ap = Zrmax D+1) Z VX max —aom vBI)

Let T](\? the mean passage time between two steps where action [ is chosen according to policy

TeP and restate a w-diameter ration D

()

proo— maXjec A TMJT
ratio — . )
min;e 4 TMJI’

and Do
Draﬁo = max D;;.tio‘
TeP

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

Lemma 9 By Markovian inequality, the probability that during 27’1(\27r the action | is not visited is

less than % Then during episode k

(k)
]p:{v(k)(l) < EUT _
2 2TM,7r

1
(k) log(g)} <94
On the other hand we have

275/

,TT

(k) (k)()
Let Cp = max O Tmax(Vy )

th
leARE K |ty <N} AB@) o

>
3
VAN
3
3

8
U
+
%
M=
i
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From Lemma 9 we have that

.U<k)(l) + v(k)log(%)
(a/) _ U(k) (l) 211%511 TM’W
 mino® () — o)
min v 1" % k(l) B fu(k)log(%)
2mMax Ty,
leA ’

1 1 1
. . @  [log(3) @  [log(s) @ \2log(3)
< 2Dzaio + 8Draio WA Tag e \| — iy~ + A Tag || =gy~ 160 ) =
with probability 1 — 24. The first term dominates all the other terms and thus

(a/) < 2D[io < 2 Dratio

ratio

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

K A
Ar= 3 3 PO B ) rua(D +1) < X%VYerax\/@w + 1)@%@
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

Here, we illustrate the performance of our method on a simple synthetic environment which follows
a POMDP structure with X = 2,Y =4, A = 2, R = 4, and r,,.. = 4. We find that spectral
learning method converges quickly to the true model parameters, as seen in Fig. [F]. Estimation
of the transition tensor 7" takes longer compared to estimation of observation matrix O and reward
Tensor R. This is because the observation and reward matrices are first estimated through tensor de-
composition, 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 sim-
ple alternating minimization heuristic, which alternates between updates of the policy and the sta-
tionary distribution. We find that in practice this converge to a good solution. The regret bounds are
shown in Fig. [F]. 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
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Figure 3: (a)Accuracy of estimated model parameter through tensor decomposition.
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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.

the correct low dimensional hidden space quickly and therefore, is able to converge to an efficient

policy.
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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 fi_,;(x¢|x1) as
a distribution over states at time ¢ given initial state z1. Lets define inverse mixing time py,;, (t) as
follows

pmzx(t) = sup ||f1—>t(|$1) - WHTV
1

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

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

As before, let y" := [yq,...,y,] € V" denote the sequence of observations from HMM and
let 2" := [x1,...,z,] € X™ denote the sequence of hidden states. We now consider matrix valued
function ® : Y™ — R%*% Tt is said to be c-Lipschitz with respect to spectral norm when

P(yv) — P m
sup [ (yn) /gy )
yn,y/meyn Hy -y HH

ls _,

where || - || 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 finite sequence
of n samples y; as observations from finite observation set y™ and arbitrary initial state distribution.
For any c-Lipschitz matrix valued function ®(-), we have

1+

1
V2cn3 \/ ) (di +da)
—_g 8¢ nlog(i(S )

[e(y") — E[@(y")]ll, < G

with probability at least 1 — 0, where G is geometric ergodicity constant of corresponding Markov
chain, and the E[®(y™)] is expectation over samples of HMM when the initial distribution corre-
sponds to the stationary distribution.

Proof Inthe 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 observa-
tions from finite observation sets y™\V) and arbitrary initial state distribution. For any c-Lipschitz
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matrix valued function ®'(-) function, we have

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

with probability at least 1 — 0, where G is geometric ergodicity constant of corresponding Markov
chain, and the E[®(y" V)] is expectation over samples of POMDP with middle action | when the
initial distribution corresponds to the stationary distribution.

Proof Inthe 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 et al.
(2014) with minor modifications and applying the following inequality

14+ —L

G log((d1+d2)) 2G Vacnd \/ (di + d2)
2 5 < 2cen 2 2

1—9%6 m Taaog =G TTog yEmlslT—H—)

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 [P]
with initial distribution equal to stationary distribution. It is clear through Kontorovich et al. (2014)
that this quantity is upper bounded by » _ G6~ (=1 which is upper bounded by GT%'

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 matrix valued func-
tion ® : ST — R X% iy dimension dy by ds, then

(dl + dz)

1
| — B®]], < - y/se2nlog((22)

1-4

with probability at least 1 — §. The E[®] is given same initial distribution of samples.

Proof The Thm. 7.1 Tropp (2012) presents the upper confidence bound over the summation
of matrix random variables. Consider a finite sequence of d by d’ matrix ¥, then for variance
parameter o which is upper bound for >, [¥; — E;_1[¥,]], Vi

d+d
< 4/ 802 log( -4
)
with probability at least 1 — .

2
For the function ®, lets define the martingale difference of function & as the input random variable

D Wi - Eia 9]

%
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with arbitrary initial distribution over states.
MD;(®; 57) = E[®|S]] - E[®S] "]

where Sg is sub set of samples from #'th position in sequence to j'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 o which is upper bound for
|>°; MD;(®; S{)H2 for all possible sequence. Lets define M D;(®) = maxg: M D;(®; St) 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 GO(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 polzcy POMDP with common middle action and their corresponding covariance ma-

()

trix v v ® v for v,v' € {1,2,3} and v # V. For simplicity, lets just consider one set
of v,V, one speczﬁc middle action, and n samples are drawn. Define random variable ®; :=

NL(Z) [E [Zt 'U,(/li & vl(,l,)t ] [Zt vt ® vy,)t ” with dimensions d, x d,» where d,, and

dy forv, V' € {1,2,3} are the dimension along the v and V' views.

e

with probability at least 1-46.
For tensor case, N(l [ [Zt v} ® v()t ® 'u(l,)/ t

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

G(ﬂ') log (du—gdl,/)
1—6(n) N(I)

t

1 O o Q) 1 O o .0
2 = HW Z [’Uu,t ® U,/,t} - WE[Z v, @,

S{} [Zt AR ,)t ® 'v( )

Si_lﬂ where

1 0 oo @ o 0 0) o0) G(m) log (4t tdu)
HWZ{ it & Ve O O }‘ JER vt © v v S1—9<w>\/8 NQ)

t

2

with probability at least 1 — 9.

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 bounds

iy 2 [ ol I ol ool

E \/ 8(3, )2 log L2t ) F o)

Pairs
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with probability at least 1 — J. And

Triples

1
HWZ{ 0 g v, @ ol) }_ Z’u 0 ol |

t

2

with probability at least 1 — 4. It is needed to show that (53;2" )2 < % and (Eépil;;lle )2 <
G(m)?

n(1-0(r))*"

|

For the function ¢ : ST — R%1%d2 where ST is a collection of all possible {S7,S2,...,S,}
with length n. Its martingale difference is defined as follows

MD;(®; 87) = E[®|S]] — E[®]S] ]

and then M D;(®) = maxg; M D;(®; Sf).

~v,v .
The upper bound over o, is as follows

&I/V <

Pazrs = Z Ut
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 || 3=, U2 H2

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

Yp(i,)—15 Cp(i,0) =15 Tp(3,1) =15 YUp(i,l) s Tp(5,1) > Up(i,l)+1>

where Bl is ¢'th triple with middle action equal to { and p(i,1) is its corresponding position

in the original sequence. Lets define variable S°!', which is consequence of four hidden states

Tp(i,0)—1s Tp(i,)s Tp(i)+1> Tp(i,l)+2- Lhe variables Bg” and Sg”, 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.

U,(fj)-(bi_lu7 0.0) = H]P, \l’Bz|l b~ 1|l7 0,1) — P(B]{V(l)\l‘Bi‘—l\l _ 63_1”7 QI’Z)HTV

where TV is total variation distance between distributions and

l 1l
A= sup (71 0, 0)
bt o0

where IP’(B;” = bi_”l, 0,1) and IP’(B;” = bil_w, ¢'.1) are nonzero for all possible input variables.
Then for Ay )

53
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1 ifi=j
(An@)ig =9 i) ifi<j
0 otherwise.

and H,, () ; —1+771(3+1+ +77Z(l3z

Martingale Difference . To upper bound for GIVJ’Z;TS, it is enough to upper bound HZ?ZI U2 H2 or
directly upper bound ||>"}" | M D? H2

(2008) shows that this is upper bounded by Z?:(ll) | M D;(®))||5 and each || M D;y(®))||, < cH,;
when the || ®||, is ¢ — Lipschitz.

for all possible sequence of samples. The result in Kontorovich et al.

In addition, it is obvious that for the class of moment functions with elements in [0, 1] the c is
upper bounded by N( ) for the purpose of this paper. The remaining shows the upper bound over

H,, ; and then Zi:l

Lemma 14 The function H,, ; is upper bounded by 1= g()) and then >0 (cH, ;)? < ncz(fz% <
G?(m)

n(1—-6(m))?
@

\n’

Proof As it mentioned, H,,); =1+ T]Z( z)+1 +...+7

over 1 + 772-(72“ + ... Z(lzl

and it is needed to find the upper bound

m(j)(b’ " 0.d)

NI
b;

For the first part

N ill il oaN()|L NI pill i—1]1
- Y EBOy o Sl it gNOI_ NOW gl _ =il

J
Sl NI
51 955
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Lets assume, for simplicity, that the hidden states on silt do not have overlap with states on s°~ 1

and s+,

P(BN(I)\I N(l |l|Bzu bi—l\l’g’l) _

J
Z ]P> Bj bN(l)V Bi_l‘l — bll_l‘l, lelsi‘l — Sll‘l,SjN( i1 — S;V(l)‘l)
il sz_vu)u
1
(Sz|l _ gl gNOI _ Szy(z)u) ‘ ‘
T bi‘l”,g, )
= Y P OIE s YO = ¥ ORI = 7' 0,151 = 51", 9)
il z_v(z)u
1
]P’(SZ” _ 321|I7SN( i _ SN(I)U) ' -
J J ]P,(Bl\l _ b1 1\l7 0, l)
with this representation
77Z(]l)(bl 1\l’ 0.0) Z | Z P B;V(l)\l _ b;Y(l)ll|S]ZV(l)\l _ sj-v(l)’”l)IP(Si“ _ si'l,S]].V(l)‘l _ Sj_\f(l)\l)
N(l)\l sl N(z)u
, il il 1 Qi — il
P(Bi“ b e Z|Slu Z‘l)( IP’(g;,/!S i—llls L ]P’(g;l,l\Si_l“s ,) )l
P(Bl :bl 7Q7l) P(Bl :bl 7Q7l)
1) pi—1J1 Nl N[ N N i)l il aN()|I N
()(b \7 0,0) Z’ZP 0] '()‘7”53'()':Sj()l)]P)(Sl‘:Sl‘vsj()lzsj()l)
sj\l 'L\l
i i ; ; P l il — il P(o.1 il _ il
p(BI = 51 o 15l = s (é;lal 1S z'—1|ls ) (é;ll, ‘Si—l\ls /) )
P(Bl :bl 7Q7l) P(Bl :bl 7Q7l)
1), i—1]l gill _ gill N— i i—1|l i—1|l |l il i
772'(]')(51 1 ,Q,Q Z |Z[P> I _ | ( p(5) 1|l|xp( ,l)+2\l)P(Bl W _ bl 1] ,l|51‘ _ 81| )q(s |l)|

:pp(.j) 1 l\l

where

__ Plos! =) P(, 15" = v)
q(v,1) := il i1l o i =1,
P(Bl _bl 7971) P(Bl _bl 7Q7l)
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then
1) pi—1[l 1 ,
g O e ) <5 30 1D B ar GO (s )
2P =1L gill
1 )
< 5 Z | Z P(ﬂj‘p( 1|l|:L,p(2l +2|l) Z h(SZ“, l)|
2P =1L p(ED)+1]L Z2P(HD L 2p(D L pp (i) =]
1 )
< 5 Z Z ]P; xp 1|l’wp(zl +2|l)h( p(z,l)+2\l7l)’

2P =1L gpG,h+2]1

where

1) = > RSy =i ey = b 1S = s1g(v,0)

i—1|l
S1

(xPGOF2 ) = > (s 1)

wP(D+1 gp(BD11 gp(i)—1]1

as a consequence

) by V0. d) < H h' P

1

where P = P(xP0) =1 zPC l)+2|l) Through Lemma A.2 in Kontorovich et al. (2008) and Kontorovich et al.
(2014), when Y~ h(z, l) =0and 1 HhH1 < 1, itis clear that 77( )(bl 1”, 0,0'), and also 77@ can be

i ) )
bounded by 3 HhTH1 V(T )p(] D=pil)=4 To verify h = 0 and % HhH1 <1
Z E(xp(i’l)+2|l,l) _ Z Z ZII Zh ZII
2p(iD+2]l 2D +2|L 2p(i, l)+1u’xp(i,l)\l,xp(i,l)fl\l sill

zl zl z l i— l |l |l i
_Z]P) I _ | ( 1 _ 1‘,”51' :31‘ )q(s \l,l)

z\l

o g i i i i Plo.1 il — il P(o.1 il — il
- ZP = “ JP(B 1” = by 1”’”51“ - Sl'l)( (éz?l,l s z‘—l\ls ) o Effu a i—l\f )/
l\l P(Bl :bl 7Q7l) P(Bl :bl 7971)

For the first part of parenthesis

z z i— i— ) 7 P l Sl‘l = sill
ZP = Il )P(B; = by 1”7”51“ = 31”) (éz?l,l | i—l\ls ) =1
P(B,"=b l)

z\l 1 7@7
51

and same for the second one. This shows the conditions for the Lemma A.2 in Kontorovich et al.
(2008), =, h(x,1) = 0 and 5 ||A[|, < 1, are met.

The presented proof is for the case of non-overlapped with states of S/

overlapped situation, the proof is pretty much similar to the non-overlapped case. Now, it is the

, for the other cases, the
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time to upper bound HAN(l) Hoo

N(1) n(l) n(
Hoj=1+Y 7 <1+max > 7)) <G(m) Y o)) < G(x) Y o)

j=i j>i =0

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 ? ”V’ﬂ} N(Z)E“‘”[; Upt @ Vyig)

2
'ﬁ; [’ul(,l’)i@v(l) ®'v(l) } - WEsmt Z”uz@’"’(l) ®”z(/l’)’7i] )
instead of
1
'N—Z[ IR |
'NL;[“@W’ ®’u(,,}— Z%,@w ®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.

1
H —IE Z 'v(l ® v N(Z)Esmt[z 'vl(,l)l ® v,(jl,)ﬂ]

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

1 O o0 1 O 0
H N(l) E[; IUV;L' ® U,/,i] - W}E’stat [; vl/,i [} ,vI/’,Z]

2

2

which is negligible compared to O (ﬁ)

57



AZ1ZZADENESHELI LAZARIC ANANDKUMAR

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

dy +dz/’
ST-0 NO)

1 1
~7 nt @ V| = B[ vy @y
N(Z)Z[vt v t} N zt:”t Yvit

t

(dl,dl,/ +duu)
—1-46 N

1 1
N > {’”v,t By ® Uu”,t} - NE[Z Vit @V @ Uy ]
D i 2

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

G

= 2N =0

1 1
| e v~ Rl owond]
) KA

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 1TG9 and then it means that the corresponding mar-

tingale difference is bounded by fTGg. In the consequence, the O'%{ Mo 18 bounded by ﬁg. |

Appendix J. Whitening and Symmetrization Bound

Theorem 16 (Whitening, Symmetrization and De-Whitening Bound) Pick any . Then for HUM
model with k hidden state and its multi-view representation with factor matrices Ay, Ao, Az, and
finite observation set with dimension di, do, d3 corresponds to multi-view representation, when the
number of samples with arbitrary initial state distribution satisfies

2
G2 (dids + d3) 16k 2v/2k
n > . 5 log(2—————*) max —, 4, 5 . 5
Wnin Ming {oj (A4;)} 0 C%.3 C?wmin ming{o;(A4;)}

min

for some constant C'. After tensor symmetrizing and whitening, with low order polynomial computa-
tion complexity, the robust power method in Anandkumar et al. (2012) yield to whitened component
of the views 1, . . ., ik , such that with probability at least 1 — 6, we have

s — (15)|l2 < 18ens
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forj € {1,...,k} up to permutation and

n

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

(50 miny {0 (A1) (i (o (A Py

min

Therefore

|06 = A, < e

forie{1,2,3}, j € {1,...,k} up to permutation and
di+d
4W24+4  [log(2 )y gey,

+
(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 ten-
sor 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; € R4*F Ay, € R%2XE A; € RB*F (three view
model with & 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 As, the derivation can be done for other
view by just permuting them. Assume tensor M3 = E[v; ® v9 ® v3] is triple raw cross correlation
between views, and matrix Rs and Rj3 are rotation matrices for rotating second and third view to
first view. It means that it results in symmetric tensor M3(R1, R, I). Through Anandkumar et al.
(2014) these rotation matrices are as follow

Ry = E[’Ug & ’Uz]E[’Ul & ’Ug]_l
Ry = E[’Ug & ’Ul]E[’Ug & ’Ul]_l

Define second order moment as My = E[v; ® v, and its symmetrized version as Ms(Ry, Ry).
Lets W € R% %k be a linear transformation such that

Mo(R\W, RoW) = W My(Ry, R))W =1
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where [ is k x k identity matrix. Then the matrix W = U A_% where My (R1, Ry) = UAV'T is sin-
gular value decomposition of Ms(Ry, Ry). It is well known result that tensor Ms(Wy, Wo, W3) =
M3 (RyW, RoW, W) is symmetric orthogonal tensor and ready for power iteration to compute the
unique (Ag); Vi e [1...k].

To come up with upper confidence bound over H (zzl\g)l — (A43);

(columns of factor matrices),
2

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 = 1. lets assume, matrices B, D, B as
a s1ngular value decomposmon of WTRTMQRQW BDBT. Then it is easy to show that for
W, =W1BD 2B, Wy = WoBD 3B, and Wy = WBD 3B then

Wy MoWy =T
and then the €,
VS HM?,(W17W27W3) - 1\73(W17W27W3)H2
< H(]\/Zs - M3)(/W1,/W2,/W3)H2 + HM?,(/Wl — Wi, Wa — Wa, W5 — /vas)HQ
It means

ene < [t =3 | [ ], [, [, + a2 = 2, = 0, 0=

Lets assume Uj oA 2 VJ2 = M, is singular value decomposition of matrix Ms. From WTRITMQRQW =

I and the fact that W1 U 1,2A% = 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 — < L fori €
min; o (A; Diag(w)2) w?. min; oy (A;)

{1,2,3}. Now, it is clear to say, when H]\/@ - M2H2 < 0.50%(M2) then H/WZ ) < #
2.

in

mini O (Az)

fori € {1,2,3} and
22 |8 — |,

(wmln min; oy, (Al))3

Joss =5, [, |72] | 7], <

To bound the second term in €/

leDzag 2A (W W) )

HMs (W — W1,W2 Wz,W?,—Ws H <

then

e~ —~

HDiag(w)%Ai( -, = HDiag(w)%AiTWi(BD%BT—I)H2 < HDz’ag(w)%AiTNZ

i
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We have that HDiag(w)%AiT/WV/i

, = 1. Now we control H(D% - I)H2. Let £ := My — F}, where
F = ]\72, and Fy is its restriction to top-k singular values. Then, we have HEH2 < H]\/@ — M2H2 +
op+1(F) <2 H]\/@ - M2H2. We now have

(D2 —1)|| < |[(Dz =D +D)|| < [(D-Dy=||(BDBT =D = | (W MW, —I)
2 2

2 2
(45)
e e o ol e ]
= |rEw |, < W], [we], 2|3 - e, < — : 6)
(w2, min; oy, (A4;))?
As a conclusion it is shown that
e 4| Ma—M> I,
2v2 HM3 B M3H2 (wéin min; o (4;))?
EM S —3 + . 47
(w2, min; o (4;))3 vV Wmin

when H]/W\Q — M2H2 < 0.50k(M2).
Through Appendix I, the followings hold

22+ 1 [log(2145%))
1-46 n

|3, <

HMs — Mg”z < Gl —Il@? \/810g(%)

with probability at least 1 — 4. It is followed by

2\/§G2\1/§§1 log(
€M < — n n .
(w% min; oy (4;))3 (min; o (A;))Sw

min

n

3
(d1+do)
2(d1d§+d3)) <4G2\1/§_51 log(2 15 2 )>

with probability at least 1 — . To this result holds, it is required H]\/]g — M2H2 < 0.50%(Mz) and
from Anandkumar et al. (2012) that €3, < % Then for the first requirement

2v/2+1 2

G

ne (e log(2 L))
0.5(w?2; min; oy (4;))?

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'.

on(2(d1dotdg)
N 1
VI (g, ming o (40)?
then
po (2GR ) 2t dy),
= 1
C(w?,, min; ok (A4;))3 g
and for the second part
3
2V/341 , [ log(218592))
o (s
= 2 . 35
vk (min; oy (A;))8wpid,
1
. Aks GBS log(2 @ ),
o Lo 2, % 0
C's (min; o4 (Ai))?w 5,
It means it is enough that
Gz\/§+1 2
nz> L0 3
Wnin Min; o (A;)
1
dy +d 16k3 didy +d 2V2k
max log(2w)max ;1 4 ,10g(2( 1 3)) TS
1) O3, ) C?wWmin min; 07 (A;)

which can be reduced to
Gzl (dids + d3) 16k 2/2k

n > - 5 log(2————>) max —, 4, 5 - 5

Wnin Min; oy (A;) 0 C%.7 C?wmin min; 07 (4;)

min

In Anandkumar et al. (2014) it is shown that when e, = HMg(Wl, Wo, W3) — ]\/4\3 (/Wl, /Wg, /Wg) H
then the robust power method in Anandkumar et al. (2012) decomposes the tensor and comes up
with set \; and orthogonal /i; where

Il < 55ep

k
HM?,(Wh Wa, W3) — Z NfE
( 2

62



REINFORCEMENT LEARNING OF POMDPS USING SPECTRAL METHODS

~1/2

~ 1/2
w; T — Al /

< Bemw;
2
and
(w;”z - XZ-‘ < 8y 2 (48)
It can be verified that
|1 — Hill2 < 18ens.

Proof In order to simplify the notation, in the following we use 1t = p;, w = w;, and ¢ = w, 1 2,

similar terms for the estimated quantities. From above mentioned bound, we have

¢ — Call, = [|¢(u = A) — (C = O, < 8¢es (D).

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

d
16— 1) = (€= Q) = Cllu— 7ll3 + (€ = OIIAl3 - 2¢(¢ = O) > [als(uls — [als)

s=1

d
> | - B3 - 21 - 8| S (s — [A,)
s=1

> Cllp = all3 = 2¢1¢ = Clalzlle — Al

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

¢l — Al —2(¢ = Ollallallu — Aill2 < 64¢es (1)

Solving for || — fi]|]2 we obtain

e =Rl + (€ = O3 + 64¢2€
i —All2 < 2 +y : 2 M

Now we can use the bound in Eq. 48 and the fact that ||iz]]2 < ||iz]]1 < 1 since i is a probability
distribution and obtain

Bear + /2563, +64¢2¢3,

: - %M(5+ V25 + 64(?) < %M(lOJrsg).

Plugging the original notation into the previous expression, we obtain the final statement. Finally,
since ( = w7(rl ) (i)_l/ 2 and wfrl )isa probability, we have 1/¢ < 1 and thus

i — ]2 <

[l = fill2 < 18enr.

which all results are up to permutation. |
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Lemma 17 (De-Whitening) The upper bound over the de-whitened yi; is as follow

W22 [log205®) | sey

27 (W) 2 (1 — 6) n Wnin

s = ||(As); — (As);

(49)

Proof As itis shown in Anandkumar et al. (2012), to reconstruct the columns of views Al, Ag, As,
de- whltemng process is needed. It is shown that the columns can be recovered by (A1); = W1 Al

(A2); = T/V2 Aipi, and (A4sz); = T/V3 Ai;. For simplicity, let just investigate the third view, the

process for other two views is same as third view.

| (Aa)i = (Aa)i||, < | W =W | IDvamally + ||| || o = A
it is clear that ‘ Nifbi — )\,ul (86%, HWJH < 1,and || Ay < w1, .
Wmln 2 min

74 -], = ot ] <2 o 5,

where the last inequality is inspired by Eq 45. Then

— —~ 8¢
H(AS)i — (A3)i|| < My — M2H + M T
2 Wmin Winin ) 2
Therefore
_ 442 + 2 log olditds) Se
€5 = H(Ag)i (@)l <a - @5 | Seu
2 (wmin) 2 (1 — 0) n Wmin
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