Sequential Transfer in Reinforcement Learning with a Generative Model

A. Notation
Symbol Expression Meaning
S} - Set of parameters
k |O] Number of possible parameters/tasks
n - Sample budget for querying the generative model (Section 3)
m - Maximum number of tasks in the sequential setting (Section 4)
S - Set of S states
A - Set of A actions
U - Set of reward values (finite with cardinality U for Section 4 only)
T - Task-transition matrix
po(s'|s,a) - Transition probabilities of MDP M,
qo(uls,a) - Reward distribution of MDP M,
ro(s,a) - Mean reward of MDP Mg
0% - Discount factor
Vi (s) EF D oo V' UtlSo = ] Value function of policy = in MDP My
Vi (s) max, V; (s) Optimal value function for MDP Mg
op(s,a)? Varg, (.1s,a)[U] Reward variance in task My
ob(s,a;0")? Var,, (.|s,a)[Vy (S”)] Transition/value-function variance in task My
AL (6,07 Iro(s,a) — ro:(s,a)] Reward-gaps between tasks 6 and 0’
AP (8,0 |(po(s,a) —per(s,a))"Vy| Transition-gaps between tasks 6 and 6’
A - Estimation error of the approximate models (Assumption 1)
€,0 - Accuracy and confidence level for Algorithm 1
Tt,Pt, 00,00 See Algorithm 1 Empirical models after ¢ steps
C7s(s,a) See Lemma 3 Bernstein confidence intervals for x € {r,p, 0,0, }
0, See Algorithm 1 Confidence set a t time ¢
Zr (6,09 See Definition 1 Reward information for discriminating 6, 6’
77 ,(0,0") See Definition 1 Transition information for discriminating 6, 6’
Z,(s,a) max {Z] (s,a),Z¢ (s,a)} Index of s, a at time ¢ (see Algorithm 1)
(@) - Mean-observation matrix containing the flattened MDP models
5h, fh - Estimated observation and task-transition matrices after / tasks

~ S o
T}I,,Oaph,QvaZ,O’gh,Q

O,

e O po(O,7)

- Estimated models after h tasks

- Initial set of models for running PTUM on the h-th task
See Appendix D Constants in the analysis of the spectral learning algorithm

Table 1. The notation adopted in this paper.
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B. Analysis of the PTUM Algorithm
B.1. Definitions and Assumptions
The analysis is carried out under the following two assumptions.

€(1—)
4(1+y)"

Assumption 3. Algorithm 1 always enters the transfer mode. That is, the model uncertainty is such that A <
Assumption 4. The sample budget n is large enough to allow Algorithm 1 to identify an e-optimal policy.

These two assumptions allow us to analyze only the core part of PTUM (i.e., the transfer mode), thus excluding trivial
cases in which the chosen (¢, §)-PAC algorithm is called. In fact, if Assumption 3 does not hold, the sample complexity for

computing an e-optimal policy is equivalent to the one of the chosen algorithm. Similarly, if Assumption 4 does not hold, the
sample complexity is n (the samples collected by the generative model) plus the sample complexity of the chosen algorithm.

We define the event F := {Vt = 1,...,n : 0* € ©,} under which the true model is never eliminated from the active model
set. This event will be used extensively throughout the whole analysis.

B.2. Concentration Inequalities
Lemma 1 (Bernstein’s inequality (Boucheron et al., 2003)). Let X be a random variable such that | X | < c almost surely,

X1,..., X, niid. samples of X, and 6 > 0. Then, with probability at least 1 — 0,

2Var[X]log 2 N clog 2

<
n 3n

E[X]— %ZH:X
=1

Lemma 2 (Empirical Bernstein’s inequality (Maurer & Pontil, 2009)). Let X be a random variable such that | X| < ¢
almost surely, X1, ..., X, niid. samples of X, and 6 > 0. Then, with probability at least 1 — 6,

Var[X] log 3 Tclog}
n 3(n—1)’

i=1
where Var[X | denotes the empirical variance of X using n samples.

B.3. Lemmas

We begin by showing that the true model is never eliminated from the confidence sets of Algorithm 1 with high probability.
Lemma 3 (Valid confidence sets). Let 6 > 0 and, for Ni(s,a) > 1,

25T 2] 8SAn(|©]+1) 71 8SAn(|©]+1)
Cr (S,a) :\/ Ut (SDG) Og S5 Og 5

AT
&) N(s, ) 3(Ni(s,a) —1) | Cmax
~ SAn(|© SAn(|©
O (5,:8) 267 (s, a;0')2 1ng 7logw A
0107 % Ni(s,a) 3(N¢(s,a) = 1)(1 =) e
o 2log 45An(|0]+1) ,
Ct,5(87 CL) = \/]Vt(sa,)é—l + An{ax7

. 1 9log 5An(O+1)
C75(s,a) = \/g 5 A%

1—7 Ni(s,a) — 1 max:

Set these confidence intervals to infinity if Ni(z,a) < 1. Then, the event E := {¥Vt = 1,...,n : 0* € ©,} holds with
probability at least 1 — 4.
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Proof. Take any step ¢ > 1, any state-action pair (s,a) € S x A, any model §' € O, and let &' > 0. We need to show
that the conditions of (1)-(4) hold. First notice that these conditions trivially hold if N;(s,a) < 1. Thus, suppose that
N¢(s,a) > 1 so that the confidence intervals are well-defined. Using the triangle inequality we have that

75, a) = To-(s,a)] < [Ti(s,a) = 1o+ (s, a)| + Afax

|(Bo+ (s, a) = Pils, @) Vil < |(po-(5,.@) = Bie(s,0)) Vi | + Al
|0t (s,a) — 05 (s,a)| < [0 (s,a) — 05 (s,a)] + AfLs,
57 (s, a;0") — g (s,0:0')| < |67 (5, 0:0') — 0. (5, 0;0") + Afy..
Using Lemma 2, we have that, with probability at least 1 — ¢,

267 (s,a)?log % 7log 5
Ny(s,a) 3(Ny(s,a) — 1)

Fi(s;a) —ro-(s,a)] <

Similarly, for any 6’ € ©, we have that, with probability at least 1 — ¢,

~ 267 (s, a; V)2 log & 7log &
*\ S, — Dy ) TV”; < ! A 0 o .
|(p9 (5 a’) pt(s a)) [4 ‘ = \/ Nt(s7a) 3(Nt(s,a) _ 1)(1 _’Y)
From Theorem 10 of (Maurer & Pontil, 2009),
o - 2log 2
|07 (s,a) — 0 (s,a)] < Wa)ﬁ—l
and
1 QIOg%

~p 9" — oL, (0] <
00 (s,0:0) — 0. (s, s )| < 7= | N5 ey =1

hold with probability at least 1 — &', respectively.

Taking union bounds over all state action pairs and over the maximum number of samples n, these four inequalities hold at
the same time with probability at least 1 — 25 A(|0| + 1)nd’. The result follows after setting 6 = 25An(|0] + 1)¢" and
rearranging.

O

Next we bound the number of samples required from some state-action pair in order to eliminate a model from the confidence
set.

Lemma 4 (Model elimination). Let € O, (s,a) € S x A, A := max{A”,, , AP A% Ay}, and define

max?

L : ah(s,a)? 1
nig(s,a) := min max< — , = ,
0" €0, (AT ,(0%,0) — 4A]3  [AL ,(6%,0) — 4A]4

0'€0,0"cO,

G (5,0:0')? 1/(1=7) } |

ﬁg(saa) = min  max<{ — ,—
[A%a(67,6) —4ALL [A%a(67,0) — 4A]4

85 An(1+]0])
D

Then, under event E, if N¢(s,a) > Tig(s,a) := 32log min{7ij(s,a), i} (s, a)}, we have that 6 ¢ ©;.

Proof. We split the proof into two parts, dealing with rewards and transitions separately. We then combine these results to
obtain the final statement.
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Elimination by rewards Assuming 6 € ©,, we must have, for all state-action pairs and all 6" € Oy,

ﬁg (07,0) < |rg(s,a) —Ti(s,a)| + [To= (5, a) — T¢(s,a)| < 207 5(s,a)
20_ 8 (1 2 log 8SAn(|©]+1) 141log 8SAn(|©]+1)
Ni(s,a) 3(Ne(s,a) — 1)
8SAn(|©]+1 8SAn(|©]+1 8SAn(|©]+1)
o [ g BTy SO gy St
- Ni(s,a) (Ni(s,a) — 1) 3(N¢(s,a) — 1) max max
~ 85 An(|©]+1) 85 An(|©]+1)
<2 204, (s,a)?log ===5="= 26log Lf‘ LA
Ne(s,a) 3(Ni(s,a)—1)

where we applied the triangle inequality and used Lemma 3 to upper bound the empirical variance by the variance of a
model 6” in the confidence set. We note that, if the model uncertainty is too high and the denominators of 7ig(s, a) are zero,
it is not possible to eliminate # from the rewards of this state-action pair. If this is not the case, for N;(s,a) > 7fig(s, a) we
have that

5, | 2Tbn (s, )2 log RGO AL, (67,0) — 4A
Ni(s,a) 2

and

26log 254nUOIXL — Ar (9,0) — 4A
3(Ne(s,a) — 1) 2 '

Plugging these two inequalities in the first upper bound leads to the contradiction &;a (0%,0) < K’S’,a (6*,0), hence it must
be that ¢ ©,.

Elimination by transition The proof proceeds analogously to the previous case. Let #' € © and " € Oy, then

Ag,a(Q*,Q) S |(ﬁt(57a) _50* (S,a))T%fl —+ |(ﬁt(8,a) _59(3701))7“‘75” S 205’5(870,;9/)
2\/285(57 a;0") log w 14log w

IA

+ 2AP

Ni(s,a) 3(Ne(s,a) — 1)(1 —7) max
< 2\/255”(5, a; 0" log w N 26 log w LA
- Ni(s, a) 3(Ni(s,a) =1)(1 =7) ’

where once again we applied the triangle inequality and Lemma 3 to upper bound the empirical variance. Hence, applying
the same reasoning as before we obtain a contradiction, which in turns implies that 6 ¢ O.

We finally note that if 7y (s, a) = +00, i.e., the approximate models are too inaccurate, it is not possible to eliminate 6 using
this state-action pair. O

The following is a known result which bounds the deviation in value function between different MDPs.

Lemma 5 (Simulation lemma). Let 6,6’ € ©, s € S, and 7 be any policy. Denote by vj(s',a’;s) the discounted
state-action visitation frequencies (Sutton et al., 2000) of m in MDP 0 starting from s. Then, the following hold:

Vi (s) = V() < D vp (s a’s8) [Ira(s'a') = ror(s', a) [ 4+ (po (s, @) — por (', a) V]

s,a’

Vor(s) = Vi (s)] < maxl}ZVe/ s',d's5) [[ro(s,a’) = ror (s, ") +|(po (s, ') = par (s',a")) V]

me{my,m
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Proof. See, e.g., Lemma 3 of (Zanette et al., 2019) for the first inequality and Lemma 2 of (Azar et al., 2013b) or Lemma 2
of (Zanette et al., 2019) for the second one.’ O

Corollary 2 (Value-function error decomposition). Ler 0,60’ € © and s € S. Then,

Vi (s) = Vo (s)] < 2 ax Y va(sdis) [Ira(s'a) = rar(s' a) | + 1| (pa(s',a') — por(s',a) T V5]
TEAT Ty s',a’

Proof. Using the triangle inequality,

Vii(s) = Vo' ()] < [V (s) = V5 ()| + |V (s) = V" ()] -
(@) ®)

We can bound (a) using the second inequality in Lemma 5 as

[Vor(s) = Vy'(s)] < e > o vpls i) [Ire(s,a') —ror(s',a) + | (pa(s', ') — por (s, a) V]
we{my, 7y, oal

Similarly, we can use the first inequality in Lemma 5 to bound (b) by noticing that V" = Vgr;. We have
Vi (s) = Vo ()] < D vt (s a's5) [Ira(s’sa') = 1o (s', a')| + 31 (pa(s's ') = par(s', ') V5[]

< max_ Y vp(sd'ss) [Ire(s,a) —ro (s a) +Al(pa(s’ ') —por (', a)) TV ]
TFG{TF;,‘IT;/}S/ a

Combining the two displays above concludes the proof. O

The following lemma ensures that, if the algorithm did not stop at a certain time ¢, certain models belong to the confidence
set.

Lemma 6 (Stopping condition). Let T be the random stopping time of Algorithm 1 and

SO SO, K
O, = {96@‘7“3—7"9* >REV|(p9—p9*)TV0*||>;},

where K, := % — w. Then, under event E, for all t < T, there exists at least one model 6 € O such that 0 € 0.

Proof. We note that, for all ¢ < 7, under event F, it must be that

— ST T 7% 1
30 €cO,s€S:V,"° (S)<V9(5)_6+2A(11L:;)’

otherwise the algorithm would stop before 7. This implies that |‘~/9* (s) — \79%;* (s)] >e— QA% holds as well and, using
Corollary 2,

(1+7)
I—7v

2 max Z vg(s',a'ss) ||ra(s’,a") — To=(s',a")| + 7| (Da(s',a") — ﬁg*(sl,a'))Tf/g** |} >e—2A

TE{T w75}

®)

s’ a’

holds for some # € ©, and s € S. Assume that all models in ©, have been eliminated. Then, using that v sums up to
1/(1 — ~y) and that all models must be sufficiently close to 6*, the left-hand side of this inequality can be upper bounded by

€— 2A%. Hence, we obtain a contradiction and it must be that 6 € ét for some 0 € O.. O]
Lemma 7 (Positive index). Let T be the random stopping time of Algorithm 1, then, under event E,

Vt<T: It(ShAt) >0

SNote that, although the inequalities of, e.g., Azar et al. (2013b) and Zanette et al. (2019) relate the value functions of a fixed MDP
with those of its empirical counterpart, they actually hold for any two MDPs.
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e(l—y)

_ _ 4(1+7)"
0* € ©; and Lemma 6 implies that § € O, for some 6 € O.. The definition of O, implies that either |79 — 79 || > ke or
I|(Po — po= )" V|| > % and both these quantities are strictly greater than zero since k. > @. Since the index contains
a maximum over models involving these two, the result follows straightforwardly. O

Proof. Recall that the algorithm enters the transfer mode if A < Take any time ¢ < 7. Under event F/, we have

The following lemma is the key result that allows us to bound the sample complexity of Algorithm 1. It shows that, at any
time ¢, the number of times the chosen state-action action pair (S;, A;) has been chosen before is bounded by a quantity
proportional to minimum number of samples required from any state-action pair to eliminate any of the active models.

Lemma 8 (Fundamental lemma). Let (S, A;) be the state-action pair chosen at time t. Then, under event E, the number of

queries to such couple prior to time t can be upper bounded by

1281og(8SAn(|©| + 1)/4)

Ny(S;, A '
t(St, A¢) < maxs o MaxXpee, Ls,a(0*, 0)

Proof. Let Fy, = 1{Vs,a € S x A:TI] (S, Ar) > Zi(s, a)} be the event under which, at time ¢, the maximizer of the index
is attained by the reward components. The proof is divided in two parts, based on whether F} holds or not.

Event F; holds We start by defining some quantities. Let ©, := argmaxy o/cg, Z; (5, a) be the set of active models that
attain the maximum in the reward index. Similarly, define

0 := argmax Egt,At (0%,0), 0,:= argmin EghAt (0%,0),
0€O; 0€cO;

as the farthest and closest models from 6* among the active ones, respectively. Assume, without loss of generality, that the
maximums/minimums are attained by single models. If more than one model attains them, the proof follows equivalently by
choosing arbitrary ones. Furthermore, let 8} be the (random) model among those in ©, whose reward-variance is used to
attain the maximum in the index.

We now proceed as follows. First, we prove that an upper bound to the index of the chosen state-action pair directly relates
to the sample complexity for eliminating 6;. Then, we use this result to guarantee that (S, Ay) cannot be chosen more than
the stated quantity prior to time step ¢, otherwise 6; could not be an active model.

By assumption we have

§ (A% 4, (00,0, 802
It(St7At) :It (St,At) :mm{ ’555(5“12402 ’ASt7At(9t7Qt) —8A

B - _ 2
@ (854,007 + &%, 4, (07.0,) —82) A% 4 (00,0%) + A% 4 (67,0,) — 8A
min = ) ’ S

> 0'79"}’(51571415)2 S, Ap \VT St A¢ t

® (28 4, (0:,67) —8A)
min T
- Jéz;(St, At)Q

(AL 4 (0,,0%) —40)% )
< 4 1 ty4t , i} _4
S mln{ 555(5%,/102 y st,At(QhQ ) A :

where (a) follows from the triangle inequality and (b) from the definition of 6, (which was defined as the farthest from the
estimate of ). Note that to prove this inequalities we also need that Agt’ A, (ét, 0,) — 8A > 0, which is implied by Lemma
7. Since (S, A;) is chosen at time ¢, it must be that Z;(S;, A;) > Z;(s,a) for all s,a € S x A. This implies that, for all
s,aeSx Aand 6 € ét,

. (th,At(ét,H*)—élA)Q <, o *
4min S Az A5na0007) 48 0 2 Ti(sa) 2 Toa(67,0), ©)
0y s 41t

220G 4, (0:,0%) — SA}
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where the second inequality holds since the index of (s, a) is by definition larger than the one using the models 6* and 6.
Note that Lemma 4 and 7 ensure that a number of queries to (S, A;) of

8SAn(|©]+1) g (St, Ay)? 1
32log max < —= — , = —
Y (AL, 4, (01,0%) —4N)2" AL (0,,60%) — 4A

suffices for eliminating 6,. In particular, Lemma 7 implies that th’ A, (0;,0,) > 8A, which, in turn, implies that
ﬁgh 4,07, ;) > 4A. Therefore, Equation 6 above implies that a number of queries of

1281og(85An(|©| + 1)/4)

max,,, maxXyeg, Ls,q (0%, 0)

also suffices. We note that the maximums at the denominator can be introduced since (6) holds for all s, a and 6. Hence, it
must be that V; (S, A;) is strictly less than this quantity, otherwise the model 6; would be eliminated at time step ¢ — 1 and
it could not be active at time ¢. This concludes the first part of the proof.

Event F; does not hold In this case, the maximizer of the index must be attained using the transition components, thus
Z:(St, Ar) = IP(Sy, A¢). The proof follows exactly the same steps as before and is therefore not reported. Since the result
is the same, combining these two parts proves the main statement.

O

The following lemma ensures that Algorithm 1 returns e-optimal policies with high probability.

Lemma 9 (Correctness). Let T be the stopping time of Algorithm I and 7, be the returned policy. Then, under event E, 1,
is e-optimal with respect to 0*.

Proof. Recall that 7 is e-optimal if, for all states, Vi (s) > Vi (s) — e. Furthermore, 7, is optimal for one of the
active models at time 7, i.e., 7, = 7, for some § € ©.. Since under E we have §* € ©,, a sufficient condition is that

(Vg — V;e || < eholds for all @’ € ©,. Let us upper bound the left-hand side as
Ve = Vo | < Ve = Vol |+ Ve = Vel + Ve — Vi

Using Lemma 5, we can bound the first term by

Vo = Vol < 32 vl (', ! 8)(ros (s, @) — T (s, )| + 7| (por (5, @) — P (5,0)) "V |

s’,a’
7* A(l
< Z ve! (s',d';s)(A +~vA) < i——:ﬂ

and the second term by

Ve = Vall < max > v(s'a'ss)(|ror(s,a) = Tor(s,a)| +7](pa (s, a) = Por(s,))" V|

6{Trgl 7r9/} s’
A(1+7)
<  max vi(s',a'ys) (A +yA) < ———2,
L (e 0) <
Therefore, the stopping condition,
= +
|V V9,||+2A< Z)

implies that |V, — V,,°|| < ¢, which in turn implies the e-optimality of 7. O
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B.4. Sample Complexity Bounds

We are now ready to prove the main theorem, which bounds the sample complexity of Algorithm 1.

Theorem 1. Assume A is such that Algorithm 1 enters the transfer mode. Let T be the random stopping time and 7 be the
returned policy. Then, with probability at least 1 — 6, 7 is e-optimal for 0* and the total number of queries to the generative
model can be bounded by

< 128 min{S 4, |0} log(85An(|©| 4+ 1)/0)
- max, , Mingeo, Zs (0%, 0)

)

where, for k. = % — w, the set ©, C O is

O = {0 ‘ l7o — Tox|| > ke V ||(Po _ﬁe*)T%t

Ke
>k

v
Proof. Lemma 3 ensures that event E holds with probability at least 1 — §. Therefore, we shall carry out the proof
conditioned on E.

We split the proof into two parts. In the first one, we bound the number of times each state-action pair can be visited before
the algorithm stops. In the second part, we directly bound the number of steps in which each model can be active.

Bound over S x A Take any state-action pair (s,a) € S x A. For any sequence {n;};>1, its number of visits can be
written as

N:(s,a) = Zl{St =sAA; =alE}

t=1

:Zl{St:s/\At:a/\Nt(&a) <nt\E}—|—Zl{St:s/\At:a/\Nt(s,a) > ny|E}.

t=1 t=1

(a) (b)

For

1281og(85An(|©] 4+ 1)/0)
max, , maxgeg, Ls,q(0*,0)

ng =

Lemma 8 ensures that, under event E, (b) = 0. Thus, we only need to bound (a). For all ¢ < 7, Lemma 6 implies that
there exists a model # € ©, which also belongs to the confidence set at time ¢, # € ©,. Therefore, for all t < 7 and
(s',a") € S x A, we have maxycg, Ly o/ (0%,0) > mingeco, Zy o (6%, 0). Since we removed all random quantities from
n¢, we can now bound (a) as

- 1281og(8SAn(|0©| +1)/0)
max; , mingeo, Zs o (0*,0)

(a) (7

This immediately yields a bound on the stopping time,

1285 Alog(8SAn(|©] 4 1)/6)
T Sga: T(S’ a) < maxs’a IIlinge@E Is,a(e*, 9)

Bound over © From the first part of the proof, we know that, for ¢ < 7, the confidence set ©, must contain a model that
is also in O, otherwise the algorithm would stop. Therefore, the stopping time can be bounded by

7<) 1{30€6,:0cO]E}.

t=1

By definition of the algorithm, the state-action pair chosen at each time step does not change until the set of active models
©, (those that control the maximizer of the index as in the proof of Lemma 8) does not change. Furthermore, once a model
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has been eliminated, it cannot become active again. Consider a sequence {7, } n>1 with 7y = 1. We can partition the time
line into different contiguous intervals (from now on called phases) 7, := [75,, Th+1 — 1] such that the set of active models
does not change within 7, and a change of phase occurs only when a model is eliminated. Let ©, be the set of active
models in phase h. We have 75,41 = inf;>1{t | 30 € O, : 0 ¢ ©,}. That is, the beginning of the new phase h + 1 is the
step where one of the previously-active models is eliminated. Let §;, be any such model and h(t) be the (unique) phase
containing time ¢. Note that, for each 6 € © \ {6*}, there exists at most one phase h(¢) where gy = 6. Then,

7<) > 1{lhwy =013 €6,:0 cOE}
0cO\{6*} t=1
Th(e)+1—1
< > ) by =0n30€0,:0 cOJE} <
0coO\{6*} 1=Tn(o)

128(|0] — 1) log(8SAn(|©] +1)/9)
maxs o Mingee, Zs,q (0%, 0)

)

where in the last inequality we applied Lemma 8 by noticing that, within the same phase, the chosen state-action pair does
not change and used the fact that a model in O, still survives to upper bound the minimum over models in the confidence set.
The proof follows by taking the minimum of the two bounds.

]
Corollary 1. Let I be the minimum gap between 0* and any other model in ©,
0 = i mave {7 — o, G — 7 T 1)
mnin max 7o — 7o~ I, [|(Po — Po<)" Vg

Then, with probability at least 1 — 9,

<O min{SA, |0|}log(1/0) .

max(I2, @} (1 — )}

Proof. We notice that each model § € O is, by definition, such that either |7y — 7y« || > max{T", .} or ||(Dg — Po= )Tf/@** >
max{D, k. }. By the transfer condition, we also have that k. > (17%)6. Then, it is easy to see that

max min Z, ,(0*,0) > max{T'? x2}(1 —v)* >

2. 21(1 — ~)
5,0 6€O, max{I'%, eH(1 = 7)%

ool

where we use the previous lower bounds and upper bounded the value-function variance by 1/(1 — +)2. Then, the result
follows by rewriting in O notation.

O

C. Learning HMMs by Tensor Decomposition

After reducing our setting to a HMM learning problem, we can almost immediately plug the agent’s observations into
the tensor decomposition approach of Anandkumar et al. (2014) and obtain estimates O and 7" of the desired matrices.
We now briefly describe how this method works as some of its features are needed for our analysis later. The detailed
steps are reported in Algorithm 3. The key intuition behind the method of Anandkumar et al. (2014) is that the second
and third moments of the HMM observations posses a low-rank tensor structure. More precisely, it is possible to find a
transformation of these observations such that the resulting third moment is a symmetric and orthogonal tensor whose
spectral decomposition directly yields (transformations of) the HMM parameters. To see this, we first formulate the problem
as an instance of a multi-view model (Sun, 2013). Take three consecutive observations (our ”views”), say 01, 02, 03, and
let 3; ; := Efo; ® 0], for i, j € {1,2,3}, be their covariance matrices, where ® denotes the tensor product. Define
the transformed views as 01 = X3 9 217201 and 0y = 23,12?;102, and let the second and third cross-view moments be
My = E[0; ® 02] and M3 = E [07 ® 02 ® 03], respectively. Then, Theorem 3.6 of Anandkumar et al. (2014) shows that
My = Z?:l Wjil3 ; @ 13, j and M3 = Z?:l Wil3.5 @ 13 5 @ 143 5, where us,j = E [03‘9;; = 9]] and wj = w(ej). Hence,
these moments posses a low-rank tensor structure, as they can be decomposed into tensor products of vectors, and it is
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Algorithm 3 Learning HMMs by Tensor Decomposition

Require: Observations {o;}I_, with o; € R%, number of tasks k
Ensure: Estimated observatlon matrix O and transition matrix 7'
1: Split observations into m = Lh/Sj mples {(01,1,02,0,03.0)} 74

2: Estimate covariance matrices: ZZ § = L Zl 1051 ® 04, ford Z,] € {1,2,3}

3: Get transformed observations: 01, = 23 221 2011, 02 = 23 122 1021, 1 € [m]

4: Estimate 2" and 3" moments: Z\WQ = L3 01,0 ® 02y, AM?, =21 21/:\1 01, ® 02 ® 03

5: Find the k largest eigenvectors D € R¥** and eigenvalues A € R¥*F of M,

6: Compute the whitening matrix: W = DA~z

7: Run Algorithm 1 of Anandkumar et al. (2014) on M3 (W, W, W), obtain estimated eigenvalues {\; }2?:1 and eigenvec-
tors {@}’7‘3 1

8: Estimate conditional means of the third view: fiz ; = )\ (WT) Uj

9: Estimate mean observations: [O]. ; = 22,123,1;;3,3

10: Estimate transition matrix: [f]J = 5Tﬁ3’j

possible to recover the conditional means p3 ; using the robust tensor power (RTP) method of Anandkumar et al. (2014).
Given these, from Proposition 4.2 of Anandkumar et al. (2012), we can recover the HMM parameters as follows:

0].; = 2138 s 5,
[T].; = O'ps ;.

In practice, all the required moments can be estimated from samples. Suppose the agent has observed 3m tasks and split these

in m triples of contiguous tasks. Then, we can estimate the covariance matrices between views as ¥, ; = % th=1 03, L R0 hs
and similarly for the second and third cross moments of the transformed observations.

D. Analysis of the Sequential Transfer Algorithm
D.1. Definitions and Assumptions

In this section, we analyze the approximate models computed by the sequential transfer algorithm (Algorithm 2) using the
RTP method (Algorithm 3). To simplify notation, we drop the task index h whenever clear from the context.

We introduce some additional vector/matrix notation. We use || - ||2 to denote the spectral norm and || - |7 to denote
the Frobenius norm. For a matrix A, we denote by Apin(A) and Apax(A) its minimum and maximum singular value,
respectively.

We make use of the following assumption in order to bound the estimation error of the reward and transition variances.
Assumption S. There exists a positive constant ¢ > 0 which lower-bounds both the true reward and value variances,

o4(s,a) and ol (s, a;0"), and their estimates Th (8 a) and 52’9(5, a;9') at any h.

We believe this assumption could be removed, at least for the approximate models, but at the cost of more complicated
proofs.

D.2. Supporting Lemmas

Lemma 10 (Lemma 5 of Azizzadenesheli et al. (2016)). Let {{i3 ; }2?:1 be the columns of the third-view matrix estimated by
the RTP method (Algorithm 3 in Appendix C) after observing h tasks. Then, there exists two constants p1(0,T), p2(0,T)
such that, for any ' € (0,1), if

Q254 +U)

h > ,01(@,T) lo 5 R
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then, under Assumption 2, with probability at least 1 — 8" and up to some permutation of the columns of the third view,

m log (2SA(S +U) /o’
a5, — pajllz < Pz(@,T)\/ g ( (h )/ )

In Lemma 10, compared to the original result, we collapsed all terms of minor relevance for our purpose into two constants
p1, p2- These are functions of the given family of tasks (through maximum/minimum eigenvalues of the covariance matrices
introduced before) and of the underlying Markov chain. We refer the reader to Appendix C of Azizzadenesheli et al. (2016)
for their full expression.

We now bound the estimation error of the observation matrix O, which will be directly used to bound the errors of the
approximate MDP models.

Lemma 11 (Estimation Error of O). Let O be the observation matrix estimated by Algorithm 3 using h tasks, §' € (0, 1),
and

1 4
@,T = @7T 5 ) .
pal ) = max {pl( ) Amax(22,1)2” Amin (X3,1)? }

Then, if h > p3(0,T)1og(6SA(S + U)/d"), we have that, with probability at least 1 — ¢,

1015 - 101.4]], < p4(@’T)\/log (65A(i+ 0)/7)

where
4)\max(22,1)p2(®a T) + 4SA =+ SSA)\maX(ZQJ)

pu(&.T) = Ain(5s.1)

Proof. Recall that [0]. ; = X3 Z;l 3,5 and similarly for its estimate @ = ig)l i;lﬂg)j. Let us decompose the total

B :

error into the deviations of each single component,

01— 01,

5 sz,lzglﬂs,j - §271§;1ﬁ37]‘ + iz’lig’lu?)’jH?
= Hi2,1H2 Hing2 s, — B, + “227123,1/13,3' — 5518 s s & 22’12;”1M3’jH2
= HEMHQ HiinHz a5 — 1is 5l + HEEJHQ 123,51l HEQ’l - iQ’IHQ
+ H§2,1H2 3,511 HE;J - ingz

‘We now bound all these components separately. We first notice that, from Proposition 6 of Azizzadenesheli et al. (2016),

a log1/¢’ a log1/¢’
o = S]], < /B s - S|, < /222 ®)
2 h 2 h

H§2,1H2 < B2y + HEQ,l - i32,1 ‘2 < Amax(22,1) + HE2,1 - iQ,lHQ
[log1/6’
S )\max(z2,1) + gT/ S 2)\max(22,1)u

log1/¢’
h> ———.
o Amax(22,1)2

Using this result,

which holds for
9

Using Lemma E.1 of Anandkumar et al. (2012),

N 1 2
Sl = i r
H P2 7 X in(Sa0) ~ Amin(Bs1)
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which holds when

15,1 — Z3,1] L
Amin(z&l) - 2
From (8), a sufficient condition for this to hold is
/
B> 4log1/6 .
Amln(zd 1)

Under this same condition, we can apply Proposition 7 of Azizzadenesheli et al. (2016) to bound

a 2 log 1/6’
ol ,y“< \/ :
H 3,1 31 2 )\min(zg,l) h

Since the columns 3 ; of the third-view sum up to one every S components (for the transition model) and every U
components (for the reward model), we have |3 ;|2 < ||us3,;]1 < 2SA. Finally, we can bound the error in estimating such
columns using Lemma 10,

(10)

5 log (2SA(S + U)/&
|”3,j—u3,j||2§p2(®,T)\/ g ( (h )/ ).

Plugging everything into the initial error decomposition and rearranging,

~ H ~ Pnax($2,1)p2(0,T) + 254 + 45 Ahmax(S2,1) \/log (2SA(S +U)/d")
2 Amin(23,1) h ’

which holds for when £ satisfies the conditions of Lemma 10, Equation 9, and Equation 10. The two bounds of (8) and
that of Lemma 10 hold each with probability at least 1 — &', hence the final bound holds with probability at least 1 — 34'.
Renaming ¢’ into 34’ concludes the proof. O

Similarly to O, we also bound the estimation error of 7". The proof follows Theorem 3 of Azizzadenesheli et al. (2016).
Lemma 12 (Estimation error of T'). Let T be the task-transition matrix estimated by Algorithm 3 using h samples and

4kps(©,T)? } .

p5(0,T) = max{m(@vT)’ M (0)?

Then, for any §' € (0,1), if h > p5(0,T)1og(6SA(S + U)/d’), we have that, with probability at least 1 — ¢,

|7 - 74, < pG(e’T)\/log (6SA(§+ /)

where

1+56

po(6.T) = 8SAVET 75 >2p4<@ ).

Proof. Recall that [T]. ; = OTps3 ; and [f]j = 6Tﬁ37j. Similarly to Lemma 11, we decompose the error into
[T).; = [T]. 4], = ||OTna,; = Oz || < llpally ||[OT = OF|| +]OT| sy — sl -
2 2 2 2

In the proof of Lemma 11 we already bounded ||,u3 Jll2 < 2SA, while the term ||,u3 j — H3.j||, was bounded in Lemma 10.

Let us bound the remaining two terms. Take A\j (O) as the k-th singular value of O. Then, following Azizzadenesheli et al.
(2016),

'], <
2
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where the second inequality follows from Lemma E.1 of Anandkumar et al. (2012) under the assumption that

|0-0], _1
LA

Lemma 11 already bounds the I error in the columns of O. Therefore,

klog (6SA(S +U)/d")
N .

10=0ll2 < 0= Ollr < VEmax[[0; = Ol < p4<@7T>\/
J

Therefore, a sufficient condition for (11) is
4kps(©,T)?log (6SA(S +U)/d")
m > .
- A:(0)?
In order to bound the deviation of the pseudo-inverse of O, we apply Theorem 1.1 of Meng & Zheng (2010),

. 14+v5 P . 2+2V5 \/kjlog (6SA(S +U)/d")
T_ O < T T _ < )
HO 0 Hz— 2 maX{HO Iy }© H2}|O Ol = 375z 116 T) h
Finally, plugging everything back into the first error decomposition,
- 1++5 \/klog (6SA(S +U)/d)
=Tl < — .
|71 = 0], < 8845 Gama@.T) :

O

We also need the following technical lemma which bounds the difference in standard deviations between random variables
under different distributions.

Lemma 13. Let f be a function which takes values in [0, b], for some b > 0, and p, q € X two probability distributions on
a finite set X. Denote by Var,|f| and Var,|f] the variance of f under p and q, respectively, and assume both to be larger
than some constant ¢ > 0. Then,

aryl7] - oy 7] <0 (52 + 1) o alh

Proof. Let p, := E,[f] and p, := E,[f]. For clarity, rewrite the standard deviations as

WVan () = |37 p@) (@) — )2 = I —

|2,p’

TeEX
and similarly for ¢. Here || - ||2, denotes the lo-norm weighted by p. Then,
L = tpllzp = I1f = pallzgl SN = ppllzp = If = ppllzgl + 11F = ppll2g = I1f = tgll2ql - (12)

Let us bound these two terms separately. For the second one, a direct application of Minskowsky’s inequality yields,

1f = tpll2.g < lp = mall2g + 11f = 1allog = [1p — gl + [1f — 1gll2,6-
Therefore, applying the same reasoning to the other side, we obtain
S = wollzg = I = pall2.gl < 1o = 1gl < 0llp = glfs-

We now take care of the first term. Since we have a term of the form |/2 — ,/y| and the concavity of the square root implies
VE =il <5 max{ﬁ7 ﬁ}\x — y|, we can reduce the problem to bounding the difference of variances,

[1f = ppll3, = I1f = wpll3.4] <%0 —allx,

where we have used the fact that the term (f(x) — p,)? is bounded by b?. By assumption, ||f — p,l2,, > +/c and
lf — tpll2,g = | f — 1qll2,¢ = +/c. Therefore, plugging these two bounds back into (12),

b
1F = tiplla — 1 — ttgllzgl < b (M n 1) Ip =l

which concludes the proof. O
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D.3. Main Results

We are now ready to bound the estimation error of the different MDP components. The following Lemma does exactly this
for a fixed number of tasks. Theorem 2 extends this to the sequential setting.

Lemma 14. Let py(s'|s, a) and qy(uls, a) be the transition and reward distributions estimated by Algorithm 3 after h tasks,
179* be the optimal value functions of these models, and 5 (s, a), 74 (s, a;0) be the corresponding variances. Assume that
the latter are both bounded below by some positive constant G > 0 for all s, a,0,0'. Then, with probability at least 1 — ¢,
the following hold simultaneously:

ro(s, @) — (s, )| < pa(©, T)U\/ log ESAES +U)/5),

p4(©,T)8 \/log (6SA(S +U)/d)
1—x h ’

|(po(s,a) — Bo(s,a)) " Vgi| <

log (6SA(S+U)/d)
h )
1 p4(0,T)S [log (6SA(S+U)/d)
20(1—7)+1) 1—7v \/ h '

|05 (s, a) — Ga(s,a)| < (210_ + 1> pa(O, T)U\/

05 (5,03 V) — o, a3 V)] < (

Proof. Recall that the estimated transition and reward probabilities are extracted from the columns of the observation matrix
O. Therefore, we can directly use Lemma 11 to bound their error. For each state s, action a, next state s’, and reward u, we
have

log (6SA(S + U) /&)
h )
log (6SA(S + U)/d")

lpe(s’|s,a) — pa(s]s,a)| < ,04(@,T)\/ ; )

\qg(u|s,a) - 69(u|37a>| < P4(®7T>\/

These inequalities hold simultaneously with probability at least 1 — ¢’. Therefore, since rewards are bounded in [0, 1],

log (6SA(S+U)/d)
h

[7o(s,a) = To(s, a)| < llgo(-[s,a) = qo(-[s, a)]x < p4(@,T)U\/

Similarly, for any function taking values in [0, 1/(1 — ~)],

ps(©,T)S \/log (6SA(S +U)/&")

1
— D T < . — Dol <
[(po(s,a) —po(s,a))" V] < 1_ ,Y”p@( |s,a) = Po(-[s,a)|lr < 1—~ h

Finally, a direct application of Lemma 13 yields the desired bounds on the variances,

05 (s,a) — 555, 0)] < (;U ; 1) pu(0,7y0 8 CTAE LUV,
p4(©,T)S [log (6SA(S +U)/8)
25(1—7) | ) -7 \/ h

03 (s,00') — 38 (s, 30')] < (
O

Theorem 2. Let {./,\/lvg}ge@,hzl be the sequence of MDP models estimated by Algorithm 2, with py, o(s'|s, a) and gy, ¢ (uls, a)
the transition and reward distributions, V' , the optimal value functions, and 52’9(3, a), 5279(57 a; 0") the corresponding
variances. There exist constants p, pr, pp, po. , P, Such that, for §' € (0,1), if

2h2SA(S +U)
5 7

h 1
> plo 5

7
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then, with probability at least 1 — &', the following hold simultaneously forallh > 1, s € S, a € A, and 0,0' € ©:

~ lo Ch.§'
ro(s,@) = Fho(s.a)| < pryf =25

_ ~ log cp, s/
[(Po(s,a) — Pno(s:a)" Vgl < pp PR
- log cp s
05(5,0) — (5, )] < poy | 2L

~ 1 ’
o5 (5, 0:6) = 5% (5,05 0)] < pa | =

where cp, 5 = m2h?SA(S + U)/d'.

Proof. Let E}, be the event under which the bounds of Lemma 14 all hold after observing h tasks. We need to prove that,
with high probability, there is no A in which the event does not hold. We know that E}, hold with probability at least 1 — 6"
from Lemma 14, where ¢ = f;‘;z . Too see this, notice that we introduced an extra w2h? /6 term in the confidence level

cp,s- Then,

- 60 o= 1
P{thl:Eh:()}gZP{Em:O}gﬁ =7,
h=1 h=1
where the first inequality is the union bound, the second is from Lemma 14, and the last equality is from the value of the

p-series for p = 2. Then, the main theorem follows after renaming the constants in Lemma 14. O

Lemma 15. Let ©y, be a set that contains 0} with probability at least 1 — §. Then, for any §' € (0,1) and 6 € ©, with
probability at least 1 — ¢/,

~ 1 A ’
P{O;,, =0} < Z T(,0") +5k+PT(@,T)k:\/ 0865 (§+ v)/o . (13)

0’cOy,

Proof. We start by bounding the probability that the next task is 6 as

P07 =00=> PO, =000, =0}P{0;=0}r< > P{6h,, =010, =0}P{6;=0}+0k

6'cO 6'€Op
< > P{O =010, =0} +0k= > T(0,0)+k,
G/EQ}L G/EQ}L

where the first inequality follows from the condition on ©j, the second by bounding the probability by one, and the last
equality by definition of 7T". The result follows by applying Lemma 12 and renaming the constants. O

Theorem 3. Let §' € (0,1) and § < ' be the confidence value for Algorithm 1. Suppose that, before each task h, a

3m?2
model 0 is eliminated from the initial active set if:

log(9kdm?/4§") <

" T(0.0') + 0k + prk ; <7
0'€Oy,
Then, for n = ﬁ, with probability at least 1 — §', at any time the true model is never eliminated from the initial set.

Proof. We have

P{eg ¢ éh} < P{e;; ¢ 0N, € éh,l} +P{9;;,1 ¢ éh,l} < P{@; ¢O, N0 € él,l},

h
=2
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where we applied the first inequality recursively to obtain the second one. We can bound each term in the second sum by
P {97 ¢ él A 9771 S él—l} <P {97 ¢ (:)l A 9;:1 S ég_l VAN 9;;1 S (:)l—l} +P {(9;;1 §7§ (:)l—l}

<P {97 O NG €O N0, € (Z)H} +4,

where ©;_1 is the set of active models after the application of Algorithm 1 to ©,_1 and the second inequality follows from
the fact this algorithm discards 6}, with probability at most 1 — 4. In order to bound the first term,

P{Ql* O N0, €O NOF, € él—l} <y P{G;‘ —ONOEO N, €O NOF, € él—l}-
[USS)

Let us split this probability based on whether the concentration event on 7' of Lemma 12 holds or not. Using ﬁ as
confidence value, this probability is trivially bounded by k% when the event of Lemma 12 does not hold. Assume this
event holds. Then, Lemma 15 implies that the probability of the next task being 6 is bounded by ﬁ, and the overall sum

is bounded by k#. Notice that we divided 8’ by 3km? w.r.t. the value used in Lemma 12 and Lemma 15. Putting these
together,

~ ~ 25/
F’{t‘)z’" EOLNO, € 61_1} <ot o

Using the union bound,

P{Elhe [m] : 05, ¢ éh} < iP{e;’i ¢ éh} < iip{el* EOIN, € él—l} < (5+ 3222) m’.
h=2

h=2[=2

Therefore, the result holds with probability at least 1 — ¢’ by taking § < %. O
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Figure 3. Ablation studies for the main parameters of PTUM. (left) The sample complexity is a piece-wise constant and bounded function
of e. (middle) The sample complexity grows logarithmically with the grid size (i.e., the number of states). (right) The excess in sample
complexity (w.r.t. the one with perfect models) decreases with the approximation error A.

E. Additional Details on the Experiments

In this section, we provide all the necessary details to allow reproducibility of our experiments. We also provide further
results and ablation studies to better understand how the proposed algorithms behave in different settings and with different
parameters.

E.1. Experiments with PTUM

For these experiments we used a variant of the 4-rooms domain of Sutton et al. (1999). Here the agent navigates a grid
with two rooms divided by a vertical wall in the middle and connected by a door. There are four actions (up, down, right,
left) and there is a probability of 0.1 that the action chosen by the agent fails and a random one is taken instead. The agent
always starts in the bottom-left corner and must reach certain goal states. The reward function (e.g., the goal locations) and
the size of the grid vary in each experiment and will be specified later.

Experiments of Figure 1 left The agent acts in a 12x12 grid and it receives reward of 1 when reaching a goal state, and 0
otherwise. There are twelve possible tasks with goals and doors in different positions and whose models are fully known to
the agent. The parameters for running PTUM are: v = 0.99, § = 0.01, ¢ = 0.1, and n = 100000. Both Rmax and MaxQInit
switch state-action pairs from unknown to known after 10 samples. Online algorithms without a generative model are run
for 100 episodes of 100 steps each. Since goal states are modelled as absorbing states with reward 1, these algorithms are
able to retrieve significant information in each episode to make the comparison with PTUM (which uses a generative model)
fair. In fact, it suffices to reach a goal to get information about it. For this reason, each sample retrieved by PTUM from the
generative model is considered as a single step in an episode.

Experiments of Figure 1 right Here the agent acts in a 12x12 grid without any wall, and has to discriminate among 7
possible tasks. Each task has 7 goals whose position is shared. However, given a goal state, reward values can differ between
tasks. To be more precise, goals are placed in the corners or nearby them. The true task has the optimal goal giving a reward
of 0.8, while all the other tasks have a different best-goal with a reward of 0.81. We set e = 1, v = 0.9999, § = 0.01, and
n = 100000. Both RMax and MaxQInit switch state-action pairs from unknown to known after 240 samples. The online
algorithms without a generative model are run for 1000 episodes of 100 steps each. Due to the fact that goal states are
modeled as absorbing state with reward 0 and, since all tasks have goals in the same position, online algorithms are able to
get at most one informative sample in each episode (i.e., one with non-zero reward). For this reason, each sample retrieved
by PTUM from the generative model is reported as an entire episode in the plots, which makes comparison fair.

It is important to note that in both these experiments the parameter needed by Rmax to switch between unknown and known
state-action pairs (which directly affects the learning speed) is set way below the one recommended by the theory (see
Brafman & Tennenholtz (2002)).

Additional results In order to verify the main theoretical results from the sample-complexity analysis of PTUM, we
report ablation studies for its main parameters.
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Sample complexity vs accuracy The setting in this case is a grid of dimension 12x12 where a reward of 1 is given when
reaching a goal state and O otherwise. The agent has knowledge of 12 possible perfect models, each of which has a single
goal state located in the opposite corner from the starting one. The door position is different in each task. We set y to 0.99, §
to 0.01, n to 1000000, and test our algorithm for different values of e.

Figure 3(left) shows how the sample complexity changes as a function of e. First, we notice that the function is piece-wise
constant, which is a direct consequence of the finite set of models. In fact, varying e changes the set of models O that must
be discarded by the algorithm before stopping. Second, we notice that the function is bounded in ¢, i.e., we are allowed to
set e = 0 and the algorithm returns an optimal policy after discarding all the models different from the true one.

Sample complexity vs number of states In this experiment, the agent faces grids of increasing sizes. The agent obtains
reward 1 when ending up in a goal state and O otherwise. We consider three known models, each with the goal state in a
corner different from the starting one and a different door position. We set € to 0.0001, v to 0.99, 6 to 0.01, and n to 100000.

Figure 3(middle) shows how the sample complexity changes when the grid size (i.e., the number of states) increases. As
expected, we obtain a logarithmic growth due to the union bounds used to form the confidence sets. As before, the function
is piece-wise due to the finite number of models.

Sample complexity vs model error A grid of fixed size 6x6 is considered. The agent has knowledge of 6 models, each
of which has the goal state placed in the opposite corner w.r.t. the starting one. All models have reward 1 when reaching the
goal state and 0 otherwise. Each task differs from the others in the door position. We set € to 0.13, v to 0.9, § to 0.1, and
n to 1000000. Here we study the sample complexity of PTUM with the exact set of models when varying the maximum
uncertainty A.

Figure 3(right) shows the excess in sample complexity w.r.t. the case with perfect models when the bound A on the
approximation error decreases. Once again, we obtain a piece-wise constant function since, similarly to €, a higher error
bound A changes the set of models that must be discarded by the algorithm and hence its sample complexity. Notably, we
do not require A = 0 to recover the “oracle” sample complexity.

E.2. Sequential Transfer Experiments

For these experiments we consider a grid-world similar to the objectworld domain of Levine et al. (2011). Here we have an
agent navigating a 5 x 5 grid where each cell is either empty or contains one item (among a set of possible items). Each item
is associated to a different reward value and can be picked up by the agent when performing a specific action (among up,
down, left, right) in the state containing the item. To keep the problem simple and Markovian, we suppose items immediately
re-spawn after being picked up. That is, the agent can pick up the same item indefinitely as far as it manages to return to the
state containing it. The transition dynamics include a certain probability of failing the action as in the previous experiments.
To be more precise, in this setting failing actions regards exclusively the transition to other states, while the intended item is
picked up with another fixed probability. The agent sequentially faces 8 different tasks as follows. Suppose the tasks are
ordered in a list. Then, given the current task, with high probability the next task to be faced is the successor in the list,
while there is a small probability of skipping one task and going two steps ahead or staying in the same task. The values of
these probabilities (rewards, transitions, and task-transitions) will be specified in each experiment. For what concerns the
estimation of the models, RTP is run with 100 restarts for 100 iterations. We use low-rank singular value decomposition to
pre-process the empirical moments estimated by Algorithm 3 as explained by Anandkumar et al. (2014). This, empirically,
seems to be somehow critical for the stability of the algorithm and for its computational efficiency. Regarding this last point,
we note that after SVD is applied, Algorithm 3 only needs to decompose a tensor of size k X k X k, where k is the number
of models (k = 8 in this case).

Experiments of Figure 2 As mentioned in the main paper, in this experiment only the reward changes between
tasks, while the transition dynamics are fixed and have a failure probability of 0.1. The failure probability of re-
wards is instead fixed to 0.012 between tasks. The possible objects that the agent can get have the following rewards:
{0,0.02,0.04,0.2,0.22,0.24,0.5,0.52,0.54,0.96,0.98, 1}. Tasks are generated in the following way: first, task with
indexes in {0, 2, 3, 5} are randomly generated using only objects with values {0,0.2,0.5,0.96}. Then tasks with index 1
and 7 are generated starting from model 0, in order for them to be e-optimal with it. The same is done for task with index
4 and 5 w.r.t. task with index 5. In particular, these modifications are carried out randomly, using objects with a slightly
higher reward w.h.p. in each state-action pair. A small probability of using objects with smaller rewards is also present. We
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Figure 4. Sequential transfer experiment when both rewards and transition probabilities change across tasks. (left) The sample complexity
normalized by the one of PTUM with known models. (right) The expected return normalized by the optimal one for each specific task.

used this task-generation process in order to guarantee that there exist tasks which are hard to distinguish by PTUM, which
makes the problem more challenging. If we simply generated tasks randomly as described before (without creating any
“similar” copies), the identification problem would become almost trivial even in the presence of estimated models.

The task-transitions succeed to the natural next task in the list with probability 0.97, and fail in favor of the two adjacent
tasks with probability 0.015 each. A no-transfer uniform-sampling strategy is blindly run for 300 tasks, querying 50 samples
per each state-action pair. This is done to make sure that the estimated models eventually become accurate enough to make
PTUM enter the transfer mode. Once this 300 tasks are over, the transfer begins and goes on for 100 tasks. Once the model
has been identified, a post-sample of 30 queries is run in each state-action pair in order to obtain a minimum accuracy level
in the empirical models. When the identification of PTUM fails (i.e., the algorithm exceeds the budget n), no-transfer
uniform sampling is run, and its complexity is reported in the plots.

For the computation of the model inaccuracy bounds (as prescribed by Theorem 2) we set p = 0.135 for all models. We
chose this value so that the inaccuracies after the start-up phase are small enough to make the algorithm enter the transfer
mode. Since we noticed that the estimated models become accurate rather quickly, we further decided to decay p for the first
100 tasks when PTUM enters the transfer mode from its initial value to 0.006. This allows us to plot a faster and more clear
transitory in the sample complexity, but in principle this step could be ignored as the model inaccuracies naturally decay by
Theorem 2. For what concerns the computation of the initial sets of models for PTUM from the estimated task-transition
matrix 7', we use the technique described in Theorem 3 with 7 = 0.087 and pr = 0.001. These values were chosen so
that the algorithm is likely not to discard models whose predicted probability is above 0.005. To add further robustness,
we always keep the top-3 most probable next models (according to T"), even if they would be eliminated by the previous
condition.

At each step, the agent is required to find a e-optimal policy with e = 0.5 and § = 0.01. The discount factor + is set to 0.9.
The expected returns of Figure 2 right are estimated by running the obtained policies for 30 episodes of 10 steps each and
averaging the results. Finally, the update constant for MaxQInit is fixed to 100.

Changing both rewards and transition probabilities Since in our original domain only the positions of the items (i.e.,
the rewards) change across tasks, here we consider a variant where the transition probabilities change as well. We now
generate tasks as follows. The failure probability of the actions changes as well (ranging from 0.1 up to 0.45), and we
randomize the rewards as explained before. Again, tasks are generated to be e-optimal as described above, and all the other
parameters are set in the same way, except for the uniform sampling costant: no-transfer iterations query the generative
model for 150 samples in each state-action pair, while the post-sampling (after identification) takes 100 samples.

The results, shown in Figure 4, are coherent with the ones of Figure 2 for the case where only rewards change. This is an
interesting result since the number of parameters that must be estimated by the spectral learning algorithm doubled.

Increasing the MDP stochasticity In the experiments reported above, both the rewards and the transition probabilities
are almost deterministic. We now repeat these experiments by increasing the stochasticity in both components. For what
concerns the rewards, the possible objects are {0, 0.02,0.2,0.22,0.5,0.52,0.96, 1}, and they are all used when generating
the tasks. Moreover, the fact of generating e-optimal tasks is dropped here. The failure probability of the reward is set to 0.3.
The transition failure probability is instead the same of the previous experiment, ranging from 0.1 to 0.45, depending on the
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Figure 5. (left) Sequential transfer experiment with higher reward and transition stochasticity. (right) Sequential transfer experiment with
higher stochasticy in the transition between tasks. Each curve corresponds to a different value of failure probability in the task-transition
matrix.

task. Due to the higher stochasticity, no-transfer uniform sampling requires 250 samples per each state-action pair, while
transfer post-sampling is set to 200. All the other parameters are kept the same.

Figure 5(/eft) shows the results. Once again, we have the sequential transfer algorithm outperforming its static counterpart.
Compared to the previous experiments, here we notice only a small improvement of the sample complexity as a function
of the number of tasks (i.e., rather flat curves). This is mostly due to the fact that now it is harder to have tasks that are
very close to each other. This implies that the set of models that need to be discarded by PTUM remains roughly the same
after the algorithm starts entering the transfer mode, and thus improvements in the model accuracy only lead to small
improvements in the sample complexity.

Increasing the task-transition stochasticity In the previous experiments the transitions between tasks are almost deter-
ministic. The stochasticity in these components seems to be the most critical parameter for what concerns the number of
tasks needed by RTP to guarantee accurate estimations. For this purpose, we now show the [/, error of the estimated MDP
models (with respect to the true ones) for different levels of stochasticity in the task-transition probabilities. Here we fix 10
different tasks, generated by randomizing the items as explained before, and run the RTP algorithm sequentially to obtain
the error estimates.

Figure 5(right) shows the results. Here we clipped the maximum error to 1 for better visualization. This is anyway reasonable
since the algorithm estimates probabilities and we could alternatively normalize the estimates. We note that the estimation
error decays as expected for all values of stochasticity. The algorithm requires, however, many more tasks to get accurate
estimates when the stochasticity increases.



