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1 Overview of the methods

1.1 Tabular certainty-equivalence

Certainty-equivalence is a model-based RL algorithm, that is, it first estimates an MDP model from
data, and then performs policy evaluation or optimization in the estimated model as if it were true.
To specify the algorithm it suffices to specify the model estimation step.

Given a dataset D of trajectories, D = {(s1,a1,71, 82,...,Sm+1)}, we first convert it into a bag of
{(s,a,r,s")} tuples, where each trajectory is broken into H tuples: (s1,a1,r1,$2), (s2,a2,72,53), ...,
(SH,am,7H,SH+1). For every s € S, a € A, define D; , as the subset of tuples where the first element
of the tuple is s and the second is a, and we write (r,s’) € D, , since all tuples in D; , share the
same state-action pair. The tabular certainty-equivalence model uses the following estimation of the
transition function P: let e, be the unit vector whose s'-th entry is 1 and all other entries are 0,

]3(57(1) = ﬁ Z ey . (1)

Here I( - ) is the indicator function. In words, P (s'|s, a) is simply the empirical frequency of observing
s’ after taking a in state s. Similarly when reward function also needs to be learned, the estimate is

E(s,a) = |DL| Z T. (2)

P and R are the maximum likelihood estimates of the transition and the reward functions, respec-
tively. Note that for the transition function to be well-defined we need n(s,a) > 0 for every s,a € S.

1.2 Value-based tabular methods

Certainty-equivalence explicitly stores an estimated MDP model, which has O(|S|?|.A|) space com-
plexity, and the algorithm has a batch nature, i.e., it is invoked after all the data are collected. In
contrast, there is another popular family of RL algorithms that (1) only model the Q-value functions
hence has O(|S||A|) sample complexity, (2) can be applied in an online manner, i.e., the algorithm
runs as more and more data are collected. Well-known examples include Q-learning [1] and Sarsa [2].

Another very appealing property of these methods is that it is relatively easy to incorporate so-
phisticated generalization schemes, such as deep neural networks, which has recently led to many



empirical successes [3]. On the other hand, such methods are typically less sample-efficient than
model-based methods and will not be discussed in more details in this note[]

2 Analysis of certainty-equivalence RL

Here we analyze the method introduced in Section For simplicity we further assume that data
are generated by sampling each (s, a) a fixed number of times. We are interested in deriving high-
probability guarantees for the optimal policy of M= (S, A, P, R, ) as a function of n = |Ds.al.

We provide three different analyses for the algorithm, and we should see some interesting trade-
off between state space and horizon.

2.1 Naive analysis

The basic idea is, when n is sufficiently large, we expect R~Rand P~ P.In particular, by Hoeffd-
ing’s inequality and union bound, the following inequalities hold with probability at least 1 — ¢:

~ 1 4
max |R(s,a) — R(s,a)| < Rmaxy/%ln% 3)

max |P(s'|s,a) — P(5'|s,a)| < \/21 In M
n

s,a,s’ 1)

and

(4)

Note that we first split the failure probability ¢ evenly between the reward estimation events and the
transition estimation events. Then for reward, we split §/2 evenly among all (s, a); for transition, we
split §/2 evenly among all (s, a, s). From Eq.({@) we further have

max||P(s, @) = P(s,a)|1 < max|S| - [|P(s,a) = P(s,a) [ <] \/21n lnw.

s,a

(5)
To bound the suboptimality of 7, we first introduce the simulation lemma [6].

Lemma 1 (Simulation Lemma). If max; , |I§(s7 a) — R(s,a)| < ep and max;, , H]3(s, a)—P(s,a)||1 < ep,
then for any policy 7 : S — A, we have
€R YEP Vmax

V/ﬂ\_Vﬂ'oo< )

where Viax := Rmax/(1 — 7).

I Techniques such as experience replay can be used the improve the sample efficiency of many online algorithms [4], but it
also blurs the boundary between value-based and model-based methods [5].



Proof. Forany s € S,

Vi (s) = Viii (s)]
= |R(s,7) + (P(s,7), V&) = R(s,m) = v(P(s,7), Viy)|

< en+(P(s,m), V) = (P(s,7), VE) + (P(s,7), VE) = (P(s,7), Vi)
< en+9(P(s,7) = P(s,m), VE) + Y VE = Vil

= en +9|(P(s, ) = P(s,7), VE — Y= - )] + 4]|[VE = Vil lloo

< en+|1P(s,7) — P(s, )l HVA—%HWH||VM—VA@HOO

<er+ LX’”X + Vi — Vit llso-

Since this holds for all s € S, we can also take infinite-norm on the LHS, which yields the desired

result. Note that we subtract —VH;X

-1 (1 is the all-one vector) to center the range of V]% around the
origin, which exploits the fact that both P(s,m) and P(s, ) are valid probability distributions and

sum up to 1. O

Alternative proof of Simulation Lemma Here we sketch an alternative and more “modern” proof
to the simulation lemma. The proof relies on the following identity: Vf € RS, sy € S,E]

1
f(So) - VI\Z(SO) = ﬁEswd‘”,aNﬂ'(‘|s),7'~R(s,a),s/~P(~\s,a) [f(S) -r—= Wf(sl)] (6)

To see why, first note that V;(so) = #Emdw,so,awﬂ(.‘s),mR(sﬁa) [r], so the corresponding terms can

1—v
be dropped on the two sides of the equation. For the remaining terms, the RHS is

1

EESNd"'SO,a~7r(»\s),s’~P(-\s7a) [f(S) - ’Yf(sl)}

oo

:ZPytil]Eswd;r’so,a~7'r(-|s),s’~P(~|s,a) [f(s) - ’Yf(s/)]

Recall that d;*° is the distribution of s; under = starting from sg. In this summation, the vf(s’) term
for ¢ cancels out exactly with the f(s) term for ¢ + 1, because both s and s’ are distributed according to
d;;*? and the difference in discount factor (y'~! vs. 7*) accounts for the v in v f(s’). As a result, only
the first term f(so) is left, which is the same as the remaining term on the LHS. In fact, this term is
effectively the Bellman flow equation for d™, written in a form where f serves as a “test function” or
discriminator to the Bellman flow equation.

To prove simulation lemma, we simply let f = V. On the RHS, we marginalize out r and s, and

obtain
1
ﬁESNd”,a~w(~\s) [VJ\%(S) - R(S7 a) — 7<P('|S’ a)’ V]\/}”
1 ~
:ﬁESNdW,G,Nﬂ'("S) [R(57 a) + '7< ( |S (I), VJVI> - R(Sa a) - ’Y<P(|57 CL), Vj}”

The rest of the proof follows similarly as the original proof.

2The RHS can also be conveniently written as 7= Esgr [f =TT f].



Turning back to the analysis of certainty-equivalence, the following lemma translates the policy
evaluation error to the suboptimality of 2

Lemma 2 (Evaluation error to decision loss). Vs € S, V3 (s) — VJQ’W (s) < 2supr.s 4 IVE; — Vi lloo-

Proof. Forany s € S,

Vir(s) = Vi (s) = Vi (s) = VI (s) + VI (3) — V()

M
< Vi (s) - Alj" (s) + Vz%ﬁ(s) — V3 (s) (7% maximizes v )
» * s f
<NV = VI oo + [V — Vi -

Putting Lemmas|[T|and 2|together with the concentration inequalities, we can see that the suboptimal-
ity we incur is

|S[Vimax
Vil =7)

Here O(-) supresses poly-logarithmic dependences on |S| and |.A|; in this note we also omit the de-

vw*f(.s)vjﬁ(s)o( >,Vs€$.

pendence on Ry« and 1/6, and only highlight the dependence on |S|, n, and 1/(1 — 7).

2.2 Improving |S| to /|S|

The previous analysis proves concentration for each individual P(s|s,a) and adds up the errors to
give an ¢; error bound, which is loose. We can obtain a tighter analysis by proving an ¢; concentration
bound for multinomial distribution directly.
Note that for any vector v € RIS,
lolli=  swp  u'w
ue{—1,1}I5I

Each u € {—1,1}I5I projects the vector v to some scalar value. If v can be written as the sum of
zero-mean i.i.d. vectors, we can prove concentration for u v first, and then union bound over all u
to obtain the ¢; error bound. Concretely, for any fixed (s, a) pair and any fixed u € {—1,1}!5, with
probability at least 1 — §/(2|S x A| - 2!51), we have

" 1 2|8 x Al - 219l
T — <2/ —In—/—— 1 — 7
u' (P(s,a) — P(s,a)) < 2\/2n In 5 , (7)
because u" P(s, a) is the average of i.i.d. random variables u " ey with bounded range [—1, 1]. P| This
leads to the following improvement over Eq.(5): w.p. atleast 1 — 6/2,
-~ \/1 2|8 x A| - 218
—In———-.

max | P(s,0) ~ Pls, o) =max _max _ uT (Pls,a) ~ P(s,0)) < 2/ .

(®)

Rougly speaking, the O(|S|,/2) bound in Eql5|is improved to O 151 , and propagating the im-
gly sp g n q P n propagating

provement through the remainder of the analysis yields

* _ ﬂ;ﬁ s) = A meaX g
Vi(s) = V™ ()_o<\/ﬁ(17)>,v s,

3 Also note that we only bound the deviation from one side, so we save a factor of 2 in In compared to bounding the absolute

deviation. Another tiny improvement: for u € {—1,1}S!, one can ingore u = +1 as +1(P(s,a) — P(s,a)) = 0.



2.3 No dependence on |S|

1

The last analysis removes the dependence of n on |S], at the cost of an additional dependence on -

Note that the total number of samples still scales with |S| as we require n samples per (s, a).
The core idea is to show Q% ~ Q},, and then upper bound loss by Lemma 4 from Note 1. First,
by contraction we have,

* * 1 * *
Q% — Qulle < EHQM_TA//[\QMHOO' )

This is because
1Q% — Qhrlle = 1T Q% — Tz Qs + T57Q% — Qs llos
<HNQ% — Qurlles + [ T57Q0 — Qhsll oo (T3 is a y-contraction)
Then we bound the RHS in the following lemma.

Lemma 3. For any fixed s € S,a € A, with probability at least 1 — 6,

Qirlo0) = (Rlsva) +2(P(s.), Vi) )| < 722 - hoe 5

Proof. The bound follows directly from Hoeffding’s inequality upon the following observation:

D 5) * 1 *
R(s,a) + v{P(s,0), Vir) =~ > (r+3Vi(s).
(r,8")€Dg, 0
Note that the RHS is the average of i.i.d. random variables (r + vV}, (s)) in the interval of [0, ?“ﬁ;‘ 1,
whose expectation is exactly Q% (s, a). Therefore, the LHS of the lemma statement is the deviation of

average of i.i.d. variables from the expectation, where Hoeffding’s inequality applies. O

Note that the LHS of the lemma statement is simply the (s, a)-th entry of (Q}, — T37Q3%,)- The final
result we can get is

* Wj*ﬁ A Vinax
Var(s) = VM (s) =0 <\/ﬁ(1 — 7)2) , Vs eS.

The cubic dependence on horizon comes from 3 different sources: (1) the range of value, (2) trans-
lating Bellman error to the difference in optimal Q-value functions, and (3) error accumulation over
time when taking actions greedily wrt Q. The previous analyses only paid quadratic dependence on
horizon because (3) was not present.

Some notes on Eq.(9) One can also obtain the following inequality by swapping the roles of M and
M in Eq.0):

* * 1 * *
Q% — Qulls < ﬁ”Qz\’/f = Tm Q5 oc-

In fact, the RHS of the above inequality is the more standard notion of Bellman errors (or Bellman
residuals): it measures how much an approximate ()-value function (here Q;A{) deviates from itself when



updated using the true Bellman update operator. In fact we can attempt to complete the analysis based
on this inequality instead of Eq.(9), by noticing that the RHS is (ignoring ﬁ and the max-norm)

T Qs — Tu Qs

This way we also introduce 75; into the expression and compare it with 737, which should allow us
to use concentration inequalities to bound the difference between 77; and 7.
Now the (s, a)-th entry of the above expression is

( R(s,a) +v(P(s,a), Vﬁ)) - (R(s, a) +v(P(s,a), Vﬁ))

It is attempting to use the techniques in the proof of Lemma (3} by claiming that (r + VZ(s)) are
iid. random variables for (r,s") € D;q, with expected value R(s,a) + y(P(s,a), V). This is not
true in general, because the function V(s) itself is random and depends on the data in D; ,! Hence
Hoeffding does not apply. One workaround is to consider a deterministic function class that always
contains Vf/} and do a union bound over that class; in fact, if we choose all tabular functions in the
range of [0, Viyax), the analysis is basically identical to Section

Now you should see why we use Q}; and 73; in Eq.(9), as this way we compare Ty and T;
against V};, which is a deterministic function.

In cases where M’s state space forms a directed acyclic graph (DAG), the argument with V. can
still work as Vﬁ(s’ ) only depends on the datasets for later state-action pairs, which do not include
the current (s,a) under consideration. This argument is straightforward here because we have a
very simple and clean data collection procedure. One has to be extremely careful when using this
argument in more realistic settings: for example, in the exploration setting, even if V-(s') is estimated
from datasets not including D; ,, the outcomes in D; , might have determined which later states we
have sufficient samples and which not, which introduces very subtle interdependence with V.

Connection to MCTS Interestingly, the independence of n on |S| in the last analysis is the core idea
that leads to Sparse Sampling [7], which is a prototype algorithm for the family of Monte-Carlo tree
search algorithm that played a crucial role in the success of AlphaGo.

One way to view Sparse Sampling is the following: conceptually we run the tabular method
with n set according to the last analysis (no dependence on |S|). Of course, when |S] is large this is
impractical, but if we only need to know 7*(s¢) for some particular state so (which is the setting of
online planning with MCTS), we can perform “lazy evaluation”: only generate the datasets for state-
action pairs that contribute to the calculation of Vﬁ(so) and truncate at the effective horizon. Roughly
speaking, this requires a total of (n|A\)O(ﬁ)
on |S|.

samples to compute 7*(sp), where has no dependence

2.4 “Best of both worlds” in the large-sample regime

We have seen two different analyses, where one pays an extra factor in |S| and the other pays an extra
factor in horizon (i.e., 1/(1 — v)). Can we get the best of both worlds and pay neither factors?

The answer turns out to be positive, as long as we allow a slow “burn-in” term. To start, recall
that in the comments below Eq.(), we show that ||Q’]iv[\ — @Q%/llso can also be bounded if we swap the



role between M and M on the RHS, i.e., the RHS becomes ﬁ ||QR7 - 7]4@;7”00. The trouble is that
we can no longer directly apply Hoeffding’s inequality due to the data-dependence on Q.

However, if we manage to control this term, it will save us a horizon factor (which is a good reason
to consider this idea more carefully)! This is shown in the following lemma: (the lemma only involves
the true MDP M, which is omitted in the subscripts of value functions and occupancies)

Lemma 4 ([8]). Forany f € RS*A, any initial state sy, and any policy ,
1
V7 (s0) = V7™ (s0) < :(Ed”o [Tf—=fl+Egmreolf =T,

where terms in the form of B[ f] are the shorthand for E(, oy~ [f(s,a)].

Proof. We use the following identity, which is the Q-function variant of Eq.(6) (what we used to give
the alternative proof of simulation lemma) and can be proved in very similar ways: for any f € RS*4,

1
1—v

f(s0,m) = V7(s0) = Egr.so [f —T™ f]. (10)

Then,
V7™ (s0) = V™ (s0) < V7™(s0) = f(s0,m) + f(s0,7p) — V" (s0).

For the two pairs of differences on the RHS, we invoke Eq.(I0) twice: one with 7, and the other with
7 rebound to 7. This gives:

V™ (s0) — f(s0,m) + f(s0,7f) — V7™ (s0)

= =BT = 1+ T B lf = T 1]

1—7

The proof is completed by recognizing that 77 f < T f,and 7™/ f =T f. O

Using Lemma |4} we immediately have that
i 2
IVir = Vi lloo < ﬁ”@j\q — Tm Q% oo,
which contrasts the 2/(1 — +)? factor in Section However, this brings back the earlier problem:
how to handle the data dependence of Q7% in concentration?

Bounding [|Q% — T Q% llc  We now show how to bound this term. ¥(s, a),

Q% (s, 0) = (Tm Q) (s, a)| = (T Q) (s, 0) = (T Q) (5, a)
= (Tip) Q4 (s,0) = (TmQir)(s, @) + (T Q) (s, @) — (T @) (5, @) + (Ta Qi) (5, @) — (T Q) (s, @)
So the idea is to replace Q% with Q7, then the difference is the same as in Section 2.3 which we know

how to handle (without paying extra |S|). The consequence of doing so is that we will get some extra
terms (the last 4 terms above).



To handle those 4 terms, we plug in the definition of T3, and T;:

[(T7Q5) (s, @) = (T7QAr) (s, @) + (Tar Q1) (s, @) — (T Q7 (s, )
= (R(s,a) +v(P(s,a), V&) = R(s,a) — v(P(s, ). V7)
+ R(s,a) +(P(s,a), Viy) — R(s,a) = v(P(s,a), Vi)

= y(P(s,a), V& = Vip) = (P(s,a), V& — Vi)

= y[(P(s,a) = P(s,a), V& = Vip)]
<A|[P(s,a) = P(s,0) 1|V = Vit lloo-

Now we can control || P(s,a) — (s a)|l1 using the total-variation concentration bound in Sectlon
(while paying the extra |S[). We can separately control ||V — V|| using the analysis in Sectlon
Each term will scale as O(1//n) (we are only considering the scaling with n here and ignoring the
other variables such as |S| and 1/(1 — 7)), so their product scales as O(1/n). When n is sufficiently
large, this term will be dominated by the 1/1/n error coming out from |(757) Q7% (s, a) — (TmQ3,) (s, a)]
and can be omitted. (This is why it is sometimes called a “burn-in” term, as it only has significant
effects in the small sample-size regime.) Note that this O(1/n) term will have worse dependencies
on |S| and 1/(1 — «) compared to the O(1/4/n) term, so “sufficiently large n” means that n has to be
larger than some function of |S| and 1/(1 — ) for the difference between n and \/n to compensate for
the worse factors in |S| and 1/(1 — 7). In such a large-sample regime, we obtain the nice error bound
of O(—Ymex_), je., there is neither the extra |S| factor as in Sectionnor the extra 1/(1 — ~) factor

Vn(1-7)
as in Section 2.3

Further improvement The bound can be further improved by replacing the Hoeffding’s inequalities
with the Bernstein’s, which provides sharper concentration bounds when the variance of the random
variables are substantially smaller compared to their ranges (squared). In our setting, the range of
random variables in the concentration of (P(s,a) — P(s,a), V) is Viax, 50 the worst-case variance is
o(Vz2

o). However, it turns out that for certain V' (e.g., V' = V), such variance cannot be large for

all (s, a) simultaneously as it adds up to O( along the occupancy of 7, and leveraging such a

m'}x)

property leads to improved sample complexities; see [9] and [10, Section 2.3].
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